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Heat energy is one of the most po 
tent factors in our lives. It is responsi 
ble for winds, rain, snow, and hail. 
It creates rivers and erodes the surface 
of the earth. We use heat in our homes 
to keep us comfortable in winter, and 
we remove it to cool ourselves in sum 
mer. Heat energy operates almost all 
of our vehicles autos, buses, trucks, 
planes, trains, and ships. We use heat 
to create new chemicals and to shape 
materials into manufactured products. 

In clear language, with the aid of 
many diagrams and striking photo 
graphs, Hy Ruchlis describes all of 
these aspects of heat energy. We learn 
about how the earth's surface is 
changed by heat, the necessity of heat 
to life, the role heat plays in weather, 
how we control heat in our homes, 
and the great importance of heat en 
ergy in modern industry. 
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NATURE'S HEAT ENGINE 



HAVE you ever seen the Grand Canyon? As you look 
across this wonderful work of nature (Fig. i ) it seems 
as though some enormous giant with a shovel as big as 
a skyscraper has been busy digging a gigantic ditch. 

Of course, there is no such giant. But there are giant 
natural forces at work carving out this immense exca 
vation 150 miles long, more than 10 miles wide, and 
i mile deep. How was this big canyon dug? 

If someone wanted to do such a job, he would bring 
in an enormous number of digging machines, and 
plenty of gasoline and diesel oil to keep the machinery 
running. These fuels play a basic role in this process. 
They provide heat energy when burned. This heat en 
ergy moves the engines which operate the machinery 
that moves rock and soil out of the ditch. 

Nature has its own gigantic "heat engine 55 at work 
digging the Grand Canyon, and all other canyons and 
valleys on earth. The process starts thousands of miles 
away in the oceans. Sunlight heats up the water and 
makes it evaporate into the air. When this moist air is 
cooled, water condenses and falls as rain or snow on 
distant land or ocean. 



The rain that falls high in the mountains soaks into 
the ground. Then the water begins a long, downhill 
journey back toward the oceans from which it came. 
The snow that accumulates all winter melts in the 
spring, and floods rush down the mountains. 




Fig. 1 The Grand Canyon has been dug by "nature's heat engine/' (Union 
Pacific Railroad Photo) 

The tiny streams join to form brooks, creeks, and 
small rivers. These join other rivers as they flow down 
hill. Finally, a large river carries away the rainfall 
from a region perhaps i ,000 miles wide and long. 

The Colorado River, which carves out the Grand 
Canyon, is as wide as a football field is long, and as 
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deep in most places as a three-story house. It rushes 
along at a speed of about 20 miles an hour, faster than 
most men can run. Each day it scoops up a million 
tons of mud, soil, sand, and rock and carries it down 
stream to lower places, and eventually to the ocean. 
This amount of material would fill 50,000 boxcars, 
stretching along a 5OO-mile track. 

Removal of earth from the land through which the 
Colorado flows goes on day after day, year after year, 
and century after century. After some 13,000,000 years 
of such scooping and digging, the Grand Canyon be 
came what it is today. 

A similar process of washing away of land and carv 
ing of valleys and canyons goes on over all the conti 
nents. It occurs wherever rain falls. The net result is the 
constant wearing away of land and its removal to the 
sea. 

This process of erosion (wearing away) of the land 
occurs in different ways all over the earth. The carved 
shapes shown in Fig. 2 are the result of "raindrop ero 
sion," in which the soft, soluble rock is worn away by 
the direct impact of trillions of raindrops over the cen 
turies. The hard and soft rock layers are worn away 
at different rates to produce weird shapes. 

There are many less dramatic ways in which heat 
energy carves up the rocks on earth. During the day 
exposed rock is heated by the sun's rays and expands 
a bit. At night the rock cools off and contracts. The 
amount of motion isn't great, but it acts day after day. 
The rock underneath remains at about the same tem 
perature day and night. So the upper part of the rock 



gradually cracks away from the lower parts (Fig. 3). 
This process is known as exfoliation. 

In the fall, water seeps into the small cracks between 
rocks. In the winter the water freezes and expands 
greatly as it changes to ice. 




Fig. 2 Raindrops falling on the soft rock in Bryce Canyon wear it away in 
an irregular pattern. Some parts of the rock are harder and wear less 
rapidly. (Union Pacific Railroad Photo) 



You can duplicate this effect at home. Fill a small 
bottle with water and screw on the cap tightly. Put it 
inside an empty tin can. Keep the can and bottle in the 
freezer overnight. In the morning, you will see that the 
bottle has cracked open. 



The force of expanding ice is so powerful that it 
splits apart large chunks of rock which then fall off 
the mountain and smash into smaller pieces. 

Through the years the heating and cooling by day 
and night and freezing during the winter continue to 
break down the pieces into smaller and smaller bits, 
which are then easily washed away by rain and small 
streams. 




Fig. 3 Rocks crack as a result of expansion by heat during the daytime, 
followed by contraction with cooling at night. 

This process is often quite rapid. Fig. 4 shows the 
silhouette of a mountain-side tree whose roots have been 
exposed by the erosion of the soil during Its lifetime. 
The rate of erosion of a mountain will vary in different 
places. In Fig. 4 the mountainside Is being worn away 
at the rate of about i foot in 50 years. In 1,000 years 
20 feet of this mountain will have been eroded. At this 
rate the mountain will be cut back 20,000 feet or about 
4 miles in a million years. 

The earth is approximately 5 billion years old. Dur 
ing this immense period of time, the constant action of 



nature's heat engine has chopped and carved the earth's 
surface and moved the debris about to form features of 
the earth as we see them today. 

Winds are an important part of nature's heat engine. 
The basic wind patterns of the earth (Fig. 5) are 
formed in the following way. The earth at the equator 




Fig. 4 The rate of erosion is revealed by this tree, whose roots have 
been exposed as the land was worn away. 

gets more heat than at the poles. The air over the equa 
tor is warmed, expands, and becomes lighter. The heav 
ier cool air from northern regions moves in and pushes 
up the warm air. This is the basic cause of the "trade 
winds." They are currents of cool air that move toward 
the equator. 
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Air is coldest at the poles. This air contracts, becomes 
"heavier," falls, and spreads outward away from the 
poles. 

These motions of the air are deflected by the rotation 
of the earth. As a result "wind belts 55 develop around 
the earth, as shown in Fig. 5. 




ARCTIC CIRCLE 



TROPIC OF 
CANCER 



EQUATOR 



TROPIC OF 
CAPRICORN 



ANTARCTIC CIRCLE 



Fig. 5 Wind patterns of the earth. 

Note that the basic cause of these movements of air 
or winds is the greater heating of the earth at the equa 
tor in comparison to that at the poles. Winds are there 
fore a part of nature's heat engine. 

Similar winds are generated locally near the shores 
of lakes and oceans (Fig. 6). In the summertime, cool, 
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heavy air from over the water falls and moves toward 
the Iand 5 pushing up the warm, lighter air. A cooling sea 
breeze is then observed on the shore. 

Winds change the surface of the earth in several 
ways. First, they bring moisture-laden air from ocean 
to land. Thus, it rains on land, as well as on the oceans. 
Without winds very little rain would fall on land. Little 
or no erosion would occur. 




Fig. 6 A sea breeze is a convection current caused by difference in temper 
ature between land and sea. 



Secondly, windstorms may hurl sand grains against 
rocks in dry areas and wear away the surface. The weird 
shapes of the rocks in Fig. 7 are the result of erosion by 
wind. 

The movement of the earth's air and water caused by 
the heat from the sun is of immense practical impor 
tance to mankind. Rain provides the water that enables 
land plants and animals to live. It provides water for 
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drinking, for river transportation, for swimming and 
boating, for washing and cooking, and for the operation 
of many industrial processes. It provides the constant 
flow of water in rivers that makes water power possible. 
Temperature changes occur over long periods of 
time. The climate in a region may change from mild 
to very cold. Snow falls in winter, but may not corn- 




Fig. 7 Wind, created by heat energy, carves weird patterns in the rock 
in dry areas. (Courtesy of American Museum of Natural History) 

pletely melt in the summer. It then piles up and a gla 
cier forms. 

Such glaciers are "rivers of ice, 35 which slowly push 
their way down the mountains and across continents. 
As a glacier moves, it grinds away chunks of rock and 
rounds off mountain tops (Fig. 8). It carries rock and 
soil for many miles. When the land warms up once more, 
the ice melts and the debris is dumped far from its 
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starting point. Numerous lakes are created. Valleys are 
gouged out and deepened (Fig. 9). The face of the 
earth in that region is thus greatly altered. 

World-wide glaciers have come and gone over the 
ages. The last ice age ended about 20,000 years ago. 




Fig. 8 This mountain was rounded off by glacial action in the past. 

In North America an immense glacier moved as far 
south as New York City, St. Louis, and Seattle. As it 
melted away, the oceans rose some 300 feet and covered 
large parts of the coastlines throughout the world. Har 
bors were formed. Tens of thousands of lakes were 
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Fig. 9 Yosemite Falls was created by a glacier which gouged out the 
valley below and left the river hanging 2500 feet up the cliff. (Courtesy 
of National Park Service) 



created. In many places farming is difficult because of 
the many large rocks that were dumped helter-skelter 
on the soil. 

If you happen to see a line of stones on a farm in the 
northern part of the United States, just think of the 
labor that the pioneers performed in moving these 
stones off the fields so they could use their plows. We 
could blame this extra work on the slow changes in heat 
that occurred over the centuries, created glaciers, and 
then made them melt away. 

While heat is at work carving, digging, and carting 
away the land and then dumping it into the oceans, a 
reverse process is taking place. Heat is helping to create 
new land. 

If one goes down a deep mine toward the hot center 
of the earth, it becomes hotter and hotter. At a depth 
of several miles it becomes unbearably hot. Some 40 
miles below the surface, it is so hot that rock melts. 
Occasionally these molten rocks pour out through 
cracks in the earth's surface and build up the earth 
through lava flows. Volcanoes erupt with sudden vio 
lence, spewing forth vast amounts of ash that settles on 
the earth. Mountains sometimes rise suddenly out of 
volcanic craters (Fig. 10). Our new state of Hawaii 
was formed by volcanic action and flow of hot lava in 
mid-ocean. 

In 1958-59, scientists all over the world cooperated 
in studying the earth. This project was known as IGY 
(International Geophysical Year). One of the major 
areas of study was the earth's heat "income" and "out- 
go-" 
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Fig. 10 Mount Peie, an immense rock in the West Indies, 300 feet wide 
and 1,000 feet high, was suddenly pushed up out of the ground in 1902. 
(Courtesy of American Museum of Natural History) 

There are two main sources of heat income. Heat is 
created deep within the earth by radioactivity from 
rocks. This heat flows outward and tends to escape into 
outer space. 

The sun is the other major source of heat. Deep 
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within the sun, at a temperature of millions of degrees, 
atoms smash into each other at enormous speeds. 
They combine, split apart, and re-combine in many dif 
ferent ways. New kinds of atoms are produced. They 
are speeded up in this process. This speeding up of the 
atoms produces heat. Through the centuries the sun 
keeps pouring out its energy, without cooling off to any 
noticeable extent. This is lucky for us, because it guaran 
tees that the amount of heat income the earth receives 
from the sun stays about the same. If our heat income 
changed a great deal, the climate on earth would change 
more drastically and make life difficult. 

The climate of the earth is determined by the balance 
between the heat it receives from the sun and the heat 
it loses to outer space. You might think of it as a kind 
of "heat budget. 53 The sunlit parts of the earth's surface 
receive more heat than is lost and warm up. The dark 
half of the earth loses more heat than it receives. But, as 
the earth rotates, most places get some heat by day and 
lose it by night. So, a balance results, and a certain 
stable, average temperature is reached in each region. 

The torrid zone receives more heat and reaches a 
higher average temperature. Arctic regions receive less 
heat and are colder. As the earth revolves about the sun, 
with its axis tilted, the heat income changes during the 
year to cause summer and winter. 

Scientists are making careful studies of heat income 
and outgo. Clouds act as a kind of "blanket 55 to keep 
heat from escaping. Sunlight, which causes the heating 
of the earth, bounces off into space when it hits the white 
snows of the Arctic region, a process which contributes 
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Fig. 1 1 What causes the regular eruptions of Old Faithful in Yellowstone 
Park? (Union Pacific Railroad Photo) 

to the low temperature. Dark parts of the land capture 
a greater amount of sunlight and warm up more. For 
ests, meadows, and deserts capture different amounts 
of sunlight. Oceans differ from land in ability to take in 
heat. The sun may radiate different amounts of energy 
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and cause warmer or colder climates. It is important 
that we know about these changes and prepare for their 
consequences. 

In this chapter you have seen what an important part 
heat plays in shaping our world. Without a fairly con 
stant heat supply from the sun there would be no winds 
and rain. There would be no weather to worry about. 
Even the air would freeze. The surface of the earth 
would be still and unchanging. No more Grand Can 
yons, or even little ones, would be dug. There would be 
no water to drink, and no plants, animals, or people on 
land. 

You can see that the study of heat is of great impor 
tance in mankind's ability to adapt to any changes that 
may occur in geography or climate in the future. 



PROBLEM 

Fig. 1 1 shows a famous geyser. Old Faithful in Yel 
lowstone Park, at the moment it erupts into the air. Ap 
proximately every hour it shoots up for a minute or so, 
and then subsides. This geyser might be called a ' 'natu 
ral pump." What kind of "engine" drives this pump? 
(Answer on page 183) 
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HEAT AND LIFE 



THERE are very few places in the solar system where 
our kind of life is possible. A space ship approaching 
Venus or Mercury would probably find them too hot 
for comfort. Mars may have livable temperatures near 
its equator. But Jupiter, Saturn, Uranus, Neptune, and 
Pluto are much too cold. They are so far away from the 
sun that they get too little heat for life as we know it. 
Special measures will have to be taken in space ships to 
keep the temperature livable. 

You are probably familiar with the fact that black 
objects absorb (take in) more sunlight and therefore 
become warmer, while silvered or white objects reflect 
(bounce off) the rays and remain cooler. You can easily 
observe this effect by touching the chrome parts of a car 
standing in the sun and then touching a dark part. The 
dark part will feel much hotter. 

Space ships will probably make use of this principle 
to regulate temperature. One simple method would be 
to paint half the ship black and the other half white. If 
the inside of the ship is too cold it can be rotated so that 
more of the black part faces the sun and captures addi 
tional rays from the sun to produce more heat. If it is 
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too warm, the white part can be turned to face the sun, 
reflect the heat, and become cooler. In this way the heat 
income and outgo can be balanced to adjust the temper 
ature. 

Suppose the ship is to travel out to the planet Pluto 
and beyond. Sunlight would not be enough to keep the 
ship warm, even if all of the outside were black. Some 
kind of fuel would have to be burned to warm up the 
ship. This would be a real problem on a long voyage to 
outer space. The extra weight of fuel needed to heat the 
ship might make it impossible to make the trip at all. 

Scientists have found that the lowest possible tem 
perature, called absolute zero, is 459 F. (Fahrenheit) 
below zero ( 459F. ) . The highest temperature in the 
solar system, perhaps ioo,ooo,oooF., occurs inside the 
sun. This temperature is also reached for short times on 
earth, in H-bomb blasts. 

Between these extremes, the range within which our 
kind of life can exist is very narrow. We find it difficult 
to live at temperatures above iooF. and below freez 
ing (32F.). 

In the cold Arctic regions we have to bundle up and 
cover our faces with masks to survive the low outdoor 
temperatures. No plant or animal life is known to exist 
at the poles where temperatures may go lower than 
iooF. 

On the other hand, a few hours in a hot desert sun 
without proper protection is enough to cause death. 
Some hardy plants and animals survive in these regions 
by means of special methods of adapting to the heat. 
The desert cactus survives because its small, needle-like 
18 



"leaves 55 prevent loss of water by evaporation from the 
sun's intense heat. 

As one goes down a few miles in a very deep mine it 
becomes unbearably hot. Below 4 miles a person who is 
unprotected against the heat would die. As we go up a 
high mountain or in an airplane, the temperature drops 
sharply. At about 10 miles altitude the temperature is 
down to approximately 70 F. 

You can see that the surface of our earth is a very 
special place in the universe where the temperature is 
just right for life. 

Why is the right temperature so important? 

Living things, both plant and animal, are composed 
mainly of water. Our bodies are about % water. Some 
plant parts contain as much as 90%. In all living things 
water also serves as the transporter and carrier of food, 
body chemicals, and wastes. Blood does this job in our 
bodies. And blood is mainly water. Should this water 
freeze or boil, we could not live. Therefore, the tempera 
ture range for life is limited by the freezing and boiling 
points of water. 

But there are also many chemical changes going on 
inside us. We digest our food and change it to liquid so 
that it can be carried throughout our bodies. There are 
many kinds of special chemicals called hormones that 
flow through the body and trigger different actions. One 
kind of hormone enables you to run faster when in dan 
ger. Another regulates growth and helps determine 
whether a person is tall or short, fat or thin. Complex 
chemical actions take place in every part of the body. 
Flesh, bone, nerves, muscles, and blood are constantly 
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being created. Food is "burned" up with the oxygen 
that we breathe in 5 and heat is produced. 

When the temperature of an animal is too low, these 
chemical actions slow down. When the temperature is 
high these actions speed up. Some important chemical 
actions necessary for life simply do not occur at all if 
the temperature is too high or too low. So, for all animal 
life, there is a very narrow range of temperature in 
which it can survive. 

You are aware that body temperatures from about 
g8F. to iooF. are "normal" for human beings. The 
temperature may rise a bit during the day and fall 
somewhat during the night. People also differ in body 
temperature, perhaps a degree more or less. But all dur 
ing life, the body temperature of a human being is care 
fully regulated within a few degrees of normal. 

A fever is a slight rise in body temperature that re 
sults from more rapid pumping of blood and speeded-up 
chemical actions. These adjustments are necessary dur 
ing an infection to bring more of the body's defenses into 
play to drive out invading germs. If the germs are gain 
ing headway, the activity of the body increases. The 
body temperature may rise to iO4F. or iO5F. The 
chemical factory of the body begins to operate improp 
erly. The heart becomes overloaded if the temperature 
stays that high for a long time, and death is likely to re 
sult. In such circumstances the doctor may advise cool 
ing alcohol rubs to keep the body temperature down. 

Scientists have experimented with lowering body tem 
peratures by using very cold water. The body tempera 
ture can be brought down to about 8oF. for short pe- 

20 



riods of time. But this must be watched very carefully 
or the patient may die. 

Animals like dogs, cats, cows, mice, squirrels, ele 
phants, and tigers are warm-blooded mammals, like 
man. Birds are also warm-blooded. The bodies of each 
of these animals usually operate in a very narrow tem 
perature range. Some of them have slightly different 
body temperatures, but not much different from ours. 

All of these animals heat up their bodies when cold 
by burning more food and by moving about. That is 
why you stamp your feet and move your arms when 
standing out in the cold. The skin may shiver in an at 
tempt to warm up. 

Animals tend to huddle together in cold weather to 
keep heat from escaping. A dog or cat will curl up to 
have less surface exposed to the outside, and thus keep 
warm. 

In hot weather, mammals and birds reduce their ac 
tivities. You know how sluggish you feel in very hot 
weather. Motion requires burning of food and heat is al 
ways generated in this process. A person working out in 
a hot sun may get a heat stroke as his body temperature 
rises dangerously. 

We have built-in arrangements for cooling off. A 
basic method used by the body is the cooling effect of 
evaporation of water. This cooling effect is observed in 
Fig. 12. The bulb of the thermometer on the right is 
surrounded by a wet cloth. Evaporation of water cools 
the bulb. Note that its temperature is i5F. lower than 
the normal thermometer. 

This particular instrument, known as a wet-and-dry 

21 



bulb hygrometer (humidity meter), makes use of the 
cooling effect of evaporation to measure humidity (Fig. 
12). In humid weather, with more water vapor in the 
air, evaporation is slower and the cooling effect is less. 




Fig. 12 Evaporation at the wet thermometer bulb causes cooling in this 
case about 12 F. If there is little moisture in the air, the cooling is greater, 
thereby giving a measure of the humidity. (Taylor Instrument Co.) 

Thus the humidity may be estimated from the drop in 
temperature of the wet thermometer. 

You can experience the cooling" effect of evaporation 
by means of a simple experiment. Pour some water on 
the back of your hand. Blow against it. This makes the 
particles of water evaporate into the air more quickly. 
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Feel how cool your hand gets. Later in the book we shall 
see how this process of cooling by evaporation is put to 
use to produce the low temperature in refrigerators and 
air-conditioners. 

In hot weather the pores of your skin open up and 
sweat comes out. Water in the sweat evaporates, cools 
the body, and lowers its temperature. Because of this 
process, it is possible for a person to survive summer tem 
peratures of over iooF. Without the cooling effect of 
evaporation, the body temperature would have to rise 
above the outside temperature and death would soon 
result. Animals lacking this cooling effect cannot sur 
vive high temperatures as well as men can. 

Men have been able to survive for short periods of 
time in experimental chambers heated to 500 F. Evap 
oration of perspiration plays a major role in such sur 
vival. The air in the chamber must be kept very dry to 
increase evaporation from the skin. Under such condi 
tions large amounts of water must be taken in to supply 
the water for evaporation. 

Watch a dog on a hot summer day. Notice how it 
pants with its tongue hanging out. Dogs do not have 
sweat glands on their bodies. The only place for evapo 
ration to take place is at the tongue. So the poor dog 
does its best with the little it has. 

You have heard the expression, "It's not the heat, it's 
the humidity. 55 It can actually be more comfortable at 
iooF. in a shady spot in a dry desert than in muggy 
weather near the coast at 85 F. When the air contains a 
great deal of water vapor (high humidity) , water evap 
orates more slowly from wet objects, and the cooling 
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effect is less. At "100% relative humidity 55 the air has 
as much water vapor as it can hold at that temperature, 
and no evaporation of water takes place. Thus, there is 
no cooling effect by evaporation. Instead of evaporating, 
the sweat gathers into large droplets on our skins or 
soaks into our clothing. 

Why is a fan helpful in hot weather? The fan merely 
blows the air against your body. The breeze speeds up 
evaporation of sweat, and thereby cools you. 

Some animals adapt to cold weather with the aid of 
nature's "clothing. 55 The thick fur of a polar bear and 
the feathery covering of a duck are excellent heat in 
sulators. They reduce passage of heat out of the body. A 
polar bear with very thick fur and inadequate sweat 
glands is well protected against cold Arctic climate. On 
the other hand, the polar bear has difficulty surviving 
the summer heat of a temperate region. 

A man's body, with its many sweat glands and lack 
of thick fur, is better adapted for survival in the tropics. 
Men cannot survive cold winters, even in the temperate 
zone, without the protection of clothing. Man's ability 
to make clothes and build shelters has made it possible 
for him to survive almost everywhere on earth. Most an 
imals are limited to the region in which they live by the 
way in which their bodies are adapted to the tempera 
ture of the region. 

Birds have a simple solution to the problem. When 
it gets cold they migrate toward the equator, where it is 
warmer. When it gets too warm at the equator they fly 
back to cooler areas. 

Many animals hibernate as protection against loss of 
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heat in cold weather, and also because of inability to 
get enough food to stay alive. They go off to a snug spot 
and fall asleep for the winter (Fig. 13 ). During this pe 
riod the temperature of the body drops considerably. 
You know that hot objects lose more heat to the sur 
roundings than warm objects. If the temperature of an 




Fig. 13 This small mouse conserves heat by lowering its body temperature 
during hibernation. The circular shape it assumes also helps reduce heat loss. 
(Karl H. Maslowsky, from National Audubon Society) 

animal's body is only slightly above that of the surround 
ings, there is little heat loss. And since there is no motion, 
no energy is required for that purpose. Only a small 
amount of energy is needed to keep the heart beating 
slowly, and the blood circulating sluggishly. The animal 
carries on only as much chemical activity in its body as 
it needs just to survive. 

In the fall the animal prepares for this long period of 
inactivity by eating as much as it can to build up a re 
serve of fat. This fat will serve as its "fuel" for the long 
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winter. By the time spring arrives, the fat has been 
burned up and the animal emerges from its sleep, skinny 
and hungry. Should the animal be forced to wake up 
several times during the winter it may not be able to 
survive. 

The shape of the body plays an important part in an 
animal's ability to regulate its temperature. Round, 
compact objects lose heat more slowly. Animals that 
live in the Arctic therefore tend to have roundish bodies 
with limbs that are less exposed. The penguin, for ex 
ample, is very compact in comparison with other birds. 
Its feet are almost entirely withdrawn. The flippers are 
small and close to the body. In very cold weather, pen 
guins have been observed to form large circular groups. 
This arrangement keeps heat from being lost. 

Many scientists believe that the bodies of men show 
a similar variation according to the climate in which 
they live. Fig. 14 shows the body shapes of a typical Es 
kimo and a typical inhabitant of the tropics. Eskimos 
seem to tend to have short, husky bodies that are more 
compact and lose less heat. Men who live in the tropics 
seem to tend to be thin and tall. This shape gives more 
surface to the body and heat is lost more easily. 

You may wonder why a roundish, compact body has 
less surface than one that is tall, long, or thin. Imagine 
two block-shaped creatures. One is 2 feet high, 2 feet 
long, and 2 feet wide (Fig. I5A) . If we cut it up into 
blocks i ft. x i ft. x i ft., eight of the smaller blocks 
are obtained (Fig. 156). Pile these blocks up to make 
a tall (or long) "animal." This "animal" has the same 
weight as the compact one. 
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Fig 14 Some scientists believe that the body shape of Eskimos and of 
tribesmen inhabiting the Torrid Zone is influenced in part by the necess.ty 
to conserve heat or to lose it. (Scientific American) 

Now, let's spread out the outer surface of each. The 
"skin" surface of the compact "animal" (Fig. 150) has 
24 square feet. The "skin" surface of the tall or long 
"animal" (Fig. 150) has 34 square feet. 

Each square foot of skin is exposed to the air and pro 
vides an opportunity for heat to escape. Thus the com 
pact "animal" with only 24 square feet of "skin" will 
find it easier to survive in cold climates. The tall or long 

animal" with 34 square feet of "skin" will find it easier 
to survive in warm climates. 

27 



cc 



Body size also plays a very important role in the abil 
ity of an animal to live in cold or warm climates. 

Consider the 2 ft. x 2 ft. x 2 ft. "animal" shown in Fig 3 
1 5 A. Before, we re-arranged it into a new shape with 
the same body weight. Now let's cut it up into separate 
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Fig. 15 A long, thin animal has more body surface and therefore tends to 
lose heat more rapidly. 



"animals 55 i ft. x i ft. x i ft. (Fig. i6A) . We can make 
eight such "animals 55 from the big one (Fig. i6B) . Let's 
spread out the skin of one of these smaller "animals 55 
(Fig. i6C). We observe the total surface area to be 6 
square feet. Since there are eight such small "animals, 55 
the total area of all is 6 ft. x 8 ft or 48 square feet. This 
compares with 24 square feet for the original large ani- 
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mal. With twice as much total surface of skin the eight 
smaller animals lose heat much more rapidly. Therefore, 
smaller animals will have greater difficulty in maintain 
ing body temperature in cold weather. On the other 
hand, larger animals will have greater difficulty in keep 
ing cool in warmer weather. They will require special 
cooling methods, such as the use of sweat glands and 
cooling by evaporation. 









8 CUBIC FT. 

AREA = 24 SQUARE FT 

AREA = 48 SQUARE FT 6 SQUARE FT 

Fig. 16 Smaller animals have more body surface per pound of weight and 
therefore tend to lose heat more rapidly. 

Thus, a small, wooly dog may be able to get along in 
hot weather by just sticking its tongue out to let water 
evaporate. The panting motion helps the evaporation. 
It will also shed some of its hair in the summer and build 
up a thicker coat in winter. A man, a horse, an elephant, 
or a cow r will need a much more extensive cooling system 
to survive in hot weather. 

It is for this reason that one finds mainly larger birds 
and animals in the Arctic. We observe polar bears and 
seals, but no small mice. We observe geese in some cold 
northern regions where sparrows are not seen. Of course, 
problems of food are a major factor here, but the diffi 
culties of keeping warm probably play a vital role. 

It is interesting to note that we make use of this idea 
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in the way we design radiators for heating homes. Which 
would be better, a radiator that is made in one solid 
block or one that is made in sections? The purpose of 
the radiator is to give heat to the room. The greater its 
surface the greater the opportunity to lose heat to the 
air, and the better it operates as a heater. Thus, radi 
ators are made in sections with large amounts of surface. 

This principle is so important that it actually limits 
the size of warm-blooded animals. The hummingbird 
is at about the lower limit of size for a warm-blooded an 
imal. It loses heat at such a rapid rate that it must con 
sume a very large amount of food for its weight. It needs 
this food to produce the heat it loses so readily. So it is 
constantly on the go, searching for food. At night, the 
hummingbird goes into a state resembling hibernation 
in which its body temperature drops far below normal. 
In this cool state it loses much less heat. 

Among the mammals, the shrew, substantially smaller 
than a mouse, is at about the lower limit of size. It also 
must consume a large amount of food for its size to pro 
vide for the heat it loses so rapidly. 

Is there a larger limit of size? Yes, a mammal as big 
as a house would have trouble losing heat. It would be 
difficult for it to survive warm weather without unusual 
methods of losing heat. Such a large animal would ac 
commodate itself more readily to cooler climate, per 
haps even to the Arctic regions. But then where would it 
get food? For an animal that size, the sheer weight of its 
body would be a more serious problem. Moving about 
would be most difficult, even if heat loss were not a prob 
lem. 
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The whale can be so enormous because it lives in the 
ocean. The buoyancy of the water solves the problem of 
carrying its weight about. The cool ocean water pro 
vides an even temperature day and night, and allows the 
body heat to escape properly. In addition, the whale can 
adjust its temperature with the seasons by moving north 
or south to colder or warmer water. 

The lower limits to body size set by heat production 
and loss do not apply in the same way to insects, reptiles, 
and fish. These animals are cold-blooded. They do not 
have the same requirement of a fixed body temperature 
in order to move about or survive. When it is cold and 
the loss of heat from the body is great, these animals sim 
ply get colder. Movements become sluggish. A fly or a 
wasp in cold weather may not even be able to fly about. 
The animal then rests in this cold state and waits for the 
weather to warm up again. The temperature of the body 
of a cold-blooded animal may drop to 50 or 40. Yet 
when it warms up it is ready to function again. 

The cricket provides an interesting example of this 
fact. When the weather is cool the cricket chirps at a 
slower rate. As the weather warms up, the number of 
chirps per minute increases. It is possible to use this rate 
of chirping as a kind of " thermometer" to estimate the 
temperature. 

Cold-blooded animals often warm up in cool weather 
by sunning themselves. After a cool night, lizards, 
snakes, and many insects will lie in the sunlight in order 
to warm up their bodies. As the day warms up, their ac 
tivities speed up. Flies whiz about more merrily on 
warm days. Mosquitos bite more efficiently. Frogs and 
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toads hop further. Snakes slither through the grass more 
quickly. 

Excessive heat kills cold-blooded animals just as it 
kills mammals and birds. These animals lack the cooling 
equipment of many mammals. But they can solve the 
heat problem in other ways. Because of their small size 
they are often able to crawl into protecting crevices to 
wait out the excessive heat. Frogs, toads, and similar an 
imals simply jump into cool water to escape the heat. 

Since these animals have less of a problem with low 
body temperature, they are able to survive long periods 
of cold weather despite their small body size. But there 
is a disadvantage in this process. Such animals are lim 
ited mainly to the climates which have enough warm 
days to enable them to carry on their activities. The 
tropics teem with these cold-blooded creatures. 

What is the advantage of being a warm-blooded ani 
mal ? Such an animal operates at a constant tempera 
ture, which permits the actions of the body to go on at 
top efficiency. A rabbit can run about as fast on a cold 
day as on a moderately warm day. It has the same 
chance of escaping a fox on the cold day as on a warm 
day. If the rabbit were cold-blooded it would have little 
or no chance to run away from a fox on a cold day. 

Of course, the warm-blooded animal pays for this 
advantage in the difficulty it has keeping up its body 
temperature during very cold weather. 

Plants do not have the same heat problem as animals. 
Most plants do not obtain energy by eating food and 
burning it. A green plant obtains energy in the form of 
sunlight. This energy enables the plant to build up its 
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food supply (sugar) from water and carbon dioxide. 
The sugar is then c "burned" slowly to provide the energy 
for the plant's living activities. 

But a tree does not need as much energy as an animal. 
It has no muscles to take it from place to place. It has no 
digestive system. It has no heart to pump fluids around 
its body. All of these organs in animals must burn food 
to keep operating. 

The fluids ooze throughout a tree at a leisurely pace. 
Small amounts of sugar are burned up and the tree is 
just slightly warmer than the surroundings. If it gets 
too cold the fluids and chemical actions slow down. As 
winter approaches, the leaves fall off and the tree re 
mains still and seemingly lifeless through the cold 
weather. In the spring, with warmer weather, the tree 
resumes its activities. 

Like animals, plants are limited to a narr.ow tempera 
ture range for survival. As one goes up a mountain the 
trees become smaller and smaller because the " climate' 3 
becomes colder. Finally, at a certain height, the timber 
line is reached. No trees are found above this line around 
the mountain. Somewhat higher, the grasses and shrubs 
can no longer survive the cold and only bare rock re 
mains above this region. 

There are large numbers of tiny plants and animals 
bacteria, molds, fungi, algae, ameba, paramecia, and 
many more. Some of these microscopic plants and ani 
mals feed on larger animals. They cause decay, make 
food rot, and often cause disease. Man makes use of his 
knowledge of heat to kill these organisms. 

Why do we have refrigerators? Food left out in the 
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open at normal temperatures provides a good environ 
ment in which microscopic organisms can grow. They 
feed and multiply. In a day or two, meat and fish are so 
rotten that they are unfit to eat. Other foods may last 
somewhat longer, but eventually they are attacked and 
decayed. 




Fig. 17 How can this "fire-eater" survive the heat of the flame? (UPI) 

But when we put these foods in a refrigerator at a 
temperature of about 4OF. 3 the life processes of the mi 
croscopic animals are slowed down so much that decay 
takes a week or more. If we really want the food to keep 
for months or years, we simply put it in a freezer at tem 
peratures around oF. The life processes in microscopic 
plants and animals are stopped completely. Food no 
longer rots. 

For some purposes we use heat to slow down or kill 
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decay and disease organisms. One good way to avoid 
disease from contaminated water is to boil it. Milk is 
"pasteurized" at i45F. for about 15 minutes to kill 
most of the germs. Boiling is avoided in this case because 
it changes the milk chemically and makes it taste differ 
ent. 

A doctor sterilizes his instruments by boiling them. 
Canned food is preserved by boiling and sealing. Boil 
ing kills the germs and sealing prevents new germs from 
entering. 

It should be obvious from the discussion in this chap 
ter what an important part heat plays in setting the con 
ditions for all life on earth. You have also seen how man's 
knowledge of heat enables him to adapt to his environ 
ment and to control living things for his benefit. 



PROBLEM 

The "fire-eater 55 in Fig, 17 seems quite contemptuous 
of the normal rules of behavior toward fire. How can he 
survive the heat without injury? (Answer on page 183) 
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WEATHER 



WHAT is the most important news in the world? 

Judging from the time allotted to it on radio and TV 
programs and the amount of everyday conversation de 
voted to it, one could make out a good case for 
"weather. 55 

To the farmer, prompt news about the weather may 
determine whether he has a good crop or one that is 
ruined. To the resident of the eastern or southern coast, 
advance warning of a hurricane may mean the differ 
ence between life and death, between extensive damage 
to his home or little. To the airplane pilot, accurate 
knowledge of weather conditions means a good flight or 
a bumpy one, dangerous storms or clear skies. Parents 
all over the country warn their children as they leave for 
school, c Tt's going to be cold and rainy today. Wear 
your /acket and take a raincoat and rubbers. 55 

Man has many protections against weather cloth 
ing of all kinds, buildings of various sorts, roofings of 
special materials. And he also has the protection of the 
science of weather prediction, which enables him to 
prepare in advance for changes in the weather. 

There are four basic factors in weather which affect 
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man's comfort temperature, precipitation (rain, snow, 
sleet, hail), humidity, and speed of wind. Others, such 
as visibility, degree of cloudiness, wind direction, and 
air pressure, may be of interest for special purposes such 
as flying or sailing. 

There would be no weather if there were no changes 
in basic conditions. Nobody would think about the 
weather if the temperature was always 70 F., if it driz 
zled constantly, if the wind was always at 10 miles an 
hour from the west, and if the humidity was always 
80% . This would be the climate, or the average weather. 
Weather is of interest because of the changes that occur. 
These changes force us to change our plans or actions in 
some way. 

Nature's heat engine is the driving force behind al 
most all weather changes. It causes the weather to be 
hot and cold, rainy or clear, humid or dry, calm or 
windy. Weather cannot be understood without knowl 
edge of the way heat causes changes in the air around 
us. 

In Chapter i we noted the influence of the sun and 
the way in which temperature is determined at each 
place by the amount of heat income from the sun. The 
location on earth, whether at the equator, temperate 
zones, or poles, makes a big difference. Color of the land, 
white or black, is also important. 

Oceans heat up much more slowly than land and also 
cool off more slowly. This is due partly to the nature of 
water, which requires much more heat energy than most 
other substances to warm up the same amount of tem 
perature for the same weight of material. 
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In part, the slower temperature change of the ocean 
is due to its liquid nature which permits water from cold 
and warm regions to circulate about. Also, land warms 
up only at the surface, whereas sunlight penetrates 
somewhat into the water. As a result, fish in the ocean 
have less "weather" to worry about than animals on 
land. And, as another result, oceans have a leveling effect 
on the temperature of nearby land, making it cooler in 
summer and not so cold in winter. 

We also noted in Chapter i how winds are created 
by the different heating of equator and poles, or sea and 
land. Cool winds, sweeping down across chilly conti 
nents from the north, bring cold weather in winter. 
Winds passing over the hot desert bring hot, dry 
weather. In the summer, winds passing over cool oceans 
bring moist, cool air. 

The speed of wind is determined to a great extent by 
temperature differences between places. Thus, a sea 
breeze speeds up in the afternoon when the land is hot 
test. At evening the breeze dies down. During the night, 
as the temperature of the land drops below that of the 
water, the wind may reverse and blow from land to sea. 

The most violent winds on earth are tornadoes (Fig. 
18). These may result when layers of cold air move 
over warm air. The warm air is lighter than the cold. It 
suddenly breaks through and rushes upward, spiraling 
in a whirlpool as it goes. 

No weather instruments have survived direct passage 
of the small but concentrated funnel of whirling air in a 
tornado. So we do not know the exact speed of winds in 
the center of a tornado. We estimate that they reach 
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Fig. 18 A tornado is a violent whirlpool of warm air spiraling upward and 
carrying debris from the ground. It is caused by a sharp difference in 
temperature between the cold air above and the warmer air near the ground. 
(U.S. Weafner Bureau) 



speeds of about 300 miles an hour, flattening houses, 
hurling cars, and creating narrow paths of devastation 
as they go. 

The intense speed of the air of these tornadoes is due 
to the large temperature difference between the layers 
of cold and warm air. 



PRECIPITATION 

Water may fall from above in a variety of forms 
rain, drizzle, fog, dew, frost, snow, hail, or sleet. All of 
these are different forms of precipitation. All have a 
common origin. 

Fig. 19 illustrates the way in which precipitation is 
formed. Heat from an electric stove makes the mole 
cules (particles) of water in the kettle move about more 
rapidly. The molecules jump out and evaporate into the 
air. Then they are invisible molecules of water vapor 
wandering about separately in the atmosphere. 

If the water vapor is cooled in any way, the process 
of evaporation is reversed. The molecules slow down, 
begin to stick together, and soon form visible droplets 
of water. The water vapor condenses and changes from 
an invisible vapor state to liquid. This condensation re 
sults from cooling. 

You may wonder why only one portion of the glass 
mirror in Fig. 19 is moist. The center portion is made 
of ordinary glass. Water vapor from the hot kettle is 
cooled by the glass and condensed into droplets. But the 
surrounding glass is a special variety that is kept warm 
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Fig. 19 Condensation on the cool glass of water vapor from the hot kettle 
illustrates the way in which rain forms in nature. (United States Rubber Co.) 



by a special electrically heated backing. As a result it is 
not cool enough to condense the water vapor. And that's 
the point of the photo. It shows how this new variety of 
bathroom mirror does not fog up in moist air. 

All precipitation forms by cooling of air. The water 
vapor in the air condenses if the cooling is great 
enough. The kind of precipitation that forms will de 
pend upon the temperature conditions in the atmos 
phere. If the air is warmer than 32F., some kind of 
water precipitation can form (rain, drizzle, fog) . If the 
air is cooler than 32F., snow will tend to crystallize in 
the form of beautiful hexagonal (six-sided) shapes. If 
rain falls through freezing air, the drops turn to ice and 
form sleet. 

If the rate of formation of rain is slow, small droplets 
form and a cloud may remain up in the air. Falling 
droplets may evaporate before they reach the ground. 
If the droplets become heavier they may fall as light 
drizzle. If still heavier, drops of rain will reach the 
ground. 

Dew forms whenever the ground is cold enough to 
condense the water vapor in the air above it. If the 
ground temperature is below freezing, frost may form. 

There is a certain temperature to which any particu 
lar sample of air must be cooled for condensation to 
start. This temperature is known as the dew point. For 
example, on a humid day with the air at 80 F., the dew 
point might be 70 F. This means that cooling the air to 
that temperature will normally cause condensation. A 
cloud of droplets wall tend to form in the air. 

We say "normally" because under quiet conditions 
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the air may be cooled below this dew point without con 
densation. Such air is called supercooled. But with a dis 
turbance such air will immediately condense. Seeding 
it with dry ice or chemical particles will often suffice to 
make such a cloud form from supercooled air in a very 
short time. 

Now let us consider some practical situations in which 
condensation occurs. How does a fog form? Fig. 20 





Fig. 20 Fog forms when moist air is cooled from below. In this case, warm, 
moist air from the land was cooled from below as it passed over the water. 

shows an offshore fog that formed on a summer day. A 
wind was blowing from the warm land over the cooler 
sea. The air contained a good deal of water vapor. The 
lower portion of the air was cooled by the water offshore 
and the dew point was reached. The w^ater vapor con 
densed and a cloud of droplets formed. But the air up 
above was not cooled as much by the water. Thus the 
cloud formed only on the surface of the sea. People in a 
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boat passing through this cloud would find themselves in 
a fog. In other words, a fog is a cloud that forms on the 
surface of the earth. Such fogs tend to form when moist 
air is cooled from below. 

Fogs frequently form in the morning along the shores 
of our northwest coast. San Francisco has the following 
typical summer weather. It is very foggy for several 
miles inland along the coast in the morning. Toward 
afternoon the fog lifts as the cloud is warmed. This 
weather pattern is caused by the movement of moist sea 
air over a range of hills. 

As the air rises it cools and condenses to form clouds. 
Such clouds are more likely to form in the morning when 
the ground is still cold. By mid-afternoon the ground has 
warmed up. So has the air. As a result the fog tends to 
disappear. 

The fogs off the Labrador coast form as moist air 
passes over a cool ocean current that flows from the Arc 
tic ocean. A belt of fog forms over the cold ocean current 
as the bottom layers of air are cooled. 

The foggy weather of England is caused by the pres 
ence of the nearby warm Gulf Stream. Winds passing 
over the waters of the Gulf Stream are warmed and 
also pick up moisture. This warm, moist air then passes 
over the relatively cold ground and is cooled from be 
low. The water vapor condenses to form low, foggy 
clouds. 
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WARM FRONT AND COLD FRONT 

Changes In weather in the temperate zones are gen 
erally the result of a succession of warm fronts and cold 
fronts. 

A front is the boundary between tw r o masses (large 
regions) of different kinds of air. Such air masses extend 
over distances of thousands of miles and determine the 
weather in a region for several days. 




ABOUT 400 MILES 

Fig. 21 A warm front occurs when warm air pushes cold air away from 
a region. 

Fig. 21 shows a warm air mass (A) pushing away a 
cold air mass (B). Since warm air is lighter than cold 
air it cannot get under it, but, instead, rides up over it 
as it pushes. At the boundary (warm front) the warm 
air is cooled by the cold and tends to condense. Several 
miles up, thin whispy "mare's tail 33 clouds tend to form 
(Fig. 22). Appearance of these cirrus (fleecy) clouds 
is a sign of the approach of the warm front to a person 
standing at D (Fig. 21 ). As the front advances an ob- 
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sewer at E observes thicker clouds at F. The nature of 
these clouds is shown in Fig. 23. 

The clouds shown in the photograph are a combina 
tion of altostratus and altocumulus. The prefix "alto" 
means high. "Cumulus 35 means "lumpy." "Stratus" 




Fig. 22 A high, wispy cirrus cloud of the "mare's tail" type is often the 

first sign of the approach of a warm front. (U.S. Weather Bureau) 

means straight or flat. Note that the high clouds at the 
upper left of Fig. 23 are lumpy (altocumulus), while 
the clouds at the right are flat and straight (altostratus) . 
Now refer back to Fig. 2 1 . A day or so after the first 
appearance of the high, thin, fleecy cirrus clouds at C 
the warm air reaches the observer on the ground. The 
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ground has been cooled by the previous cold air. The 
cool ground now condenses the water vapor in the warm 
air mass and cools it from below. We then observe a gen 
eral overcast sky with stratus (flat) clouds extending 




Fig. 23 Altocumulus clouds (upper left) and altostratus (right), (lf.5. 
Weather Bureau) 



for hundreds or thousands of miles (Fig. 24). Steady 
rain often follows the passage of such a warm front 
and it may last for days or even a week. 

A mass of cool air may follow the warm air. The 
boundary is called a cold front (Fig. 25 ) . Since cold air 
is heavier than warm it rides under the warm air and 
pushes it upward. Mixing and turbulence occur at the 
boundary. The warm air is cooled and condensed by 
the cold air, and also by the lifting process. Clouds form. 
These are pushed up and cooled still more. The turbu- 
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Fig. 24 A flat stratus cloud (below), as seen from the top of a mountain 
2,000 feet high. The upper level of clouds is altostratus. (U.S. Weather 

Bureau) 
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ABOUT 300 MILES 

Fig. 25 A cold front occurs when cold air rides under warm air and pushes 
it away. 
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lence and the condensation combine to form thunder 
storms and strong gusty winds (Fig. 26) . 

To an observer on the ground at A the storms come 
suddenly. Temperature drops rapidly as the front goes 
by. The storms and gusts are usually over in about 6 
hours. Then come cool air and fair weather. The ob 
server at B (Fig. 25) is in a region of cool air that is 
passing over warm ground. Warming of the cool air 





Fig. 26 This nimbostratus cloud was photographed during passage of a 
cold front. Infrared film was used to cut through the haze to show the form 
of the cloud. (John O. Ward, U.S. Weafher Bureau) 

tends to make water droplets evaporate. Clouds disap 
pear. The air is cool and dry. The weather is fair. 

At C there may be some small cumulus (lumpy) 
clouds of fair weather. We shall see how these form in 
the next section. But these are usually occasional clouds 
that generally do not disturb the general fair weather 
in the region. 

Cold fronts and warm fronts follow one another in 
succession across the earth bringing changes in weather 
from day to day and w^eek to week. The Weather Bureau 
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charts the passage of these fronts as shown in the map 
of Fig. 27. Predictions are made easier because the air 
masses in each region tend to move predominantly in 
one direction. In the United States the air masses gen 
erally move from west to east. Some cold air masses 




Fig. 27 A typical pattern of cold and warm fronts. The letter "L" means 
"low pressure area." The letter "A" indicates the center of a cyclone. (U.S. 
Weather Bureau) 

sweep down from the north. Some warm masses come 
up from the Gulf coast. But these generally sweep out to 
sea across the east coast. 

Since warm air is lighter than cold air, the air pres 
sure is less in such regions. And warm air generally 
brings with it overcast and rainy weather. Thus, one way 
to predict weather is to note the changes in air pressure 
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as measured with a barometer (air pressure meter) . If 
the air pressure drops, it indicates the approach of a 
warm air mass and overcast and rainy weather. If the 
barometer rises, the indication is that cold, heavy air is 
approaching with cool, dry, fair weather. 

Cold fronts move faster than warm fronts. So, it often 
happens that a cold front will catch up with a warm 
front and lift it off the ground. The lifting of warm air 
causes it to cool and condense rapidly. At the same time 
people on the ground experience cold weather. Thus the 
weather in this situation is cold and rainy. Sleet often 
forms in this way as the rain from the condensing warm 
mass falls through colder air. 

Air masses do not move in straight lines. Warm air 
tends to rise. It generally spirals in toward the center of 
the warm air, forming a giant whirlpool of air. Such a 
whirlpool of air is called a cyclone. Most of our rainy 
overcast skies are caused by such warm-air 'cyclones. 
You can see such a cyclone at A on the weather map of 
Fig. 27. 

On the other hand, cold air is heavier and tends to set 
tle and move outwa/d along the ground. The cold air 
takes an outward-flowing spiral path. The direction of 
spin is opposite to that of a cyclone and the formation is 
therefore called an anti-cyclone. 

STORMS 

Fig. 28 A shows a scene over the Grand Canyon at 
10 : 30 A.M. on a clear, sunny, summer day. A half -hour 
earlier there were no clouds in the sky. But the sun began 
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Fig. 28 This sequence shows the formation of clouds of a summer thunder 
storm. A was taken at 10 A.M., B at 11:30 A.M., and C at 1 P.M. 



to warm the dark gray rock down in the canyon. Cool 
air moved in and pushed up the warm lighter air. The 
cool air was warmed in turn and also rose. A warm con 
vection current was formed. 

As the warm air rose it entered cooler regions. In ad 
dition the air pressure became less at higher altitudes. 
The warm air expanded as it rose. This expansion 
caused additional cooling about 5 1 /iF. for every 
i ,000 foot rise. At a certain altitude the warm air was 
cooled to its dew point and its water vapor condensed 
to form a small cloud. 

An interesting thing happened at this point. To evap 
orate, water must be supplied with heat. When the wa 
ter condenses it gives back the heat it originally took in. 
So, the cloud from the convection current is suddenly 
warmed as it forms. This tends to feed the convection 
current and intensify it. 

A half -hour later the cloud shown in Fig. 28A was 
substantially larger. At 11:30 the clouds were quite ex 
tensive (Fig. 28B). 

Observe how the clouds form at the same level. This 
is the level at which the rising air currents were cooled 
to the dew point. The tops of the clouds now billow up 
ward as the air rises into higher levels and continues to 
condense. 

By i P.M. (Fig. 28G) a large cumulonimbus rain 
cloud had formed. Sheets of rain were observed to fall 
in the distance. 

From far away such a storm cloud appears as a tower 
ing white mass (Fig. 29) . It looks rather peaceful. But 
inside, the air is in violent turbulence. Condensation of 
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water vapor adds heat and makes the air rise perhaps 
4 miles into the air. Condensed water forms large drop 
lets that fall to earth and pelt the ground. Violent up and 
down drafts of air hurl some of these droplets far up and 
freeze them to form hail. Sometimes these bits of ice are 
whirled up and down in circulating currents, again and 
again. The hail grows in size. Thus, it may happen that 
hail as large as oranges falls from the sky. 




Fig. 29 A cumulonimbus (thunderstorm) cloud as it appears from a distance. 
Note the painted "anvil" at the upper right edge of the cloud, caused by 
faster winds at high altitudes. (H. 7. Floreen, U.S. Weafher Bureau) 

The violent air currents and motions of water and ice 
cause electric charges to form. Giant sparks of lightning 
flash from one region of the cloud to another, or from 
cloud to ground (or vice versa) . The noise of the light 
ning is thunder. Then we have a thunderstorm. 

And it all started with the gentle heating of the 
ground by the rays of the summer sun! 

Toward nightfall the sun's rays do not heat the ground 
so much. The ground cools off. The convection current 
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spends itself and dies down. The storm disappears. At 
sunset the air is once again clear. The sun goes down in 
peace and quiet. 

HURRICANES 

Hurricanes start in warm, tropical oceans. Warm, 
moist air rises, as it does in a thunderstorm, but on a 
much larger scale. A rapid jet stream moving along 
many miles up in the air may move across the top of the 
rising column of air and speed the upw r ard rise. Air near 
the ground moves in toward the center of the warm air, 
spiraling as it goes. The rising air cools, condenses, and 
forms heavy clouds. Heat is "wrung out" of the clouds 
as they form and sends the air still higher. The same 
thing happens to the new air coming up from below. 

The heat generated by the condensing clouds feeds 
the storm until it reaches its full violence. Winds speed 
up as they spiral inward, reaching velocities well over 
100 miles an hour. Rain falls in torrents. In the center 
is a relatively calm eye (Fig. 30), only several miles 
across, with the most violent winds at its circumference. 

Meanwhile the entire whirling mass has begun to 
move rather slowly along the sea. Eventually it may 
reach the coast, and its winds smash into the cities and 
towns over which it passes. Destruction is often enor 
mous, with hundreds of millions of dollars of damage 
and hundreds of lives lost. The violence of the winds 
may be great enough to send beams of wood right 
through trees. Buildings are smashed. Cars are over 
turned. 
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Fig. 30 A hurricane as seen from above. Note the whirlpool formation of 
the clouds. The calm "eye" of the hurricane, et the center of the whirlpool, 
is seen at A. (Official U.S. Navy Photo) 



The hurricane peters out as it passes over land and 
usually disappears out to sea as it veers over the Atlan 
tic Ocean. 

The heat energy generated in a hurricane is enor- 




Fig. 31 What causes the trail of a jet plane? (Convair) 

mous, by human standards. An average hurricane gen 
erates as much heat per minute as 600 atom bombs. Dur 
ing the 10 days or so that a hurricane lasts it may wring 
out of the air heat equivalent to that produced by 10 
million atom bombs! 
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Today, the best that scientists can do with these hur 
ricanes is to watch them and warn people of their com 
ing. Many lives are saved in this way. But some day, 
perhaps, man may learn how to harness some of this 
enormous, wasted energy and put it to good use. 



PROBLEM 

Fig. 3 1 shows a jet airplane high in the sky, followed 
by a streaky white cloud. 

What causes this cloud? 

Why is there a clear area behind the airplane? 

Why does the streak thicken and spread out? 

Think about these questions. Then compare your an 
swers with the ones on page 183. 
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CONTROLLING HEAT IN OUR HOMES 



WALK down any village street and look at the neat 
houses from the point of view of a Martian, just arrived 
on our planet. To you these houses are homes. But to the 
Martian, trained to see things with unemotional eyes, 
these houses are "controlled environment 55 boxes. In 
these boxes we seek to shield ourselves from the changes 
in the air around us and to create safe, comfortable 
places in which to carry on our activities. 

When cooling of the atmosphere brings rain -or snow, 
the roofs and walls of our boxes keep the insides dry. 
When heating of the air by the sun creates howling 
winds, the walls of our boxes provide islands of still air 
in which we can move about without being bowled over 
by the wind. When it is bitter cold outside we turn on 
the heat and warm up the air inside to a comfortable 
7OF. When it is broiling hot outside we may turn on the 
air-conditioning units to bring the temperature down. 

The purpose of a house is to create a comfortable en 
vironment for life, with the temperature about 7oF., 
the humidity about 50%, and no rain, snow or wdnd. 

Types of shelter vary widely throughout the world. 
They range from the thatched huts of tribes in Africa, 
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to the igloo of the Eskimo, to modern glass-walled sky 
scrapers bunched together in our crowded cities. 

Some very strange houses are put up in our modern 
world. Consider the kind of home erected in the Ant 
arctic. The major problem in this region is the extremely 
cold wind that blows with gale force a good part of the 
time. The simplest way to avoid these winds is to bury 
the house in the snow. One procedure is to dig a big 
tunnel, line it with a steel structure, and then cover it 
over again. Hatches at convenient places permit en 
trance and exit. 

In the temperate zone it is easy enough to create a 
structure that can keep out rain, snow, and wind. A 
simple, steel hut does this job nicely and at low cost. By 
itself, such a strong shelter would offer little protection 
against passage of heat from outside to inside in hot 
weather, and loss of heat from inside to outside in cold 
weather. Without insulation to prevent passage of heat 
through the solid walls, a metal structure would be un 
inhabitable in the extremes of hot and cold weather that 
occur in the temperate zone. 

Let us consider for a moment the interesting question 
of the way in which heat can go through a solid like 
steel. When you heat a pot of water on a stove you know 
that the metal of the pot will keep the water from flow 
ing out. Yet the heat comes through with little difficulty. 
How can heat go through a solid like that? Are there 
holes in the metal, too small for the water to get out, 
but big enough to let heat through? And, what is heat? 
Is it an invisible substance like air? We can trap air in 
a balloon. Can we trap heat in the same way? 

60 



These questions have been considered by philoso 
phers throughout the ages. In recent times, up to about 
1800, scientists thought that heat was some kind of in 
visible substance, which was referred to by such names 
as caloric and phlogiston. When a fuel burned, this 
substance was supposed to form in large quantities and 
then pour out into the surrounding area to warm it up. 
It was observed that when a hot object is placed near a 
cooler one the hot object loses heat and becomes cooler, 
while the cool one gains heat and becomes w r armer. 
This was explained by saying that the phlogiston oozed 
out of the hot object into the cold one, until both were 
at the same c 'level,' 5 when the temperatures were equal. 

In 1798, Benjamin Thompson, an American Tory 
who had fled during the Revolution, happened to be 
manufacturing cannon for the king of Bavaria (now 
part of Germany) . Despite his political outlook, Thomp 
son (also known as Count Rumford) was a keen 
observer in the sciences. As a cannon w r as drilled, the 
-friction (rubbing) of the tool against the metal of the 
cannon produced a large amount of heat. A tire of a car 
rubbing against the ground (Fig. 32) heats up in the 
same way. So do the brakes as a car is slowed down on 
a long hill. Your hands also warm up with friction as 
you rub them vigorously on a cold day. Try it right 
now r , whether it is cold or not. 

Rumford had to cool his cannons by putting them in 
water. The water boiled and boiled and boiled, just so 
long as the cannon was drilled. He began to wonder at 
the seemingly inexhaustible supply of c 'caloric. " At that 
time the theory was that friction caused caloric to ooze 

61 



out between two materials. But, wondered Rumford, 
would this go on forever? It certainly seemed to. Was 
this possible? Could there really be a limitless amount 
of caloric inside the cannon and drill? Rumford began 
to think that this theory of heat as a substance was prob 
ably wrong. Since it was motion that caused the cannon 
to heat up, Rumford speculated that heat was some 
kind of motion, or energy, rather than a substance. 




Fig. 32 Friction of the tires against the ground causes sufficient heat to 

make the rubber smolder. (Dodge Motors) 

In the early i8oo ? s, other scientists began to develop 
the atomic theory. By 1850, it was quite certain that 
matter was composed of tiny particles, called atoms, 
and that there were groups of these atoms, called mole 
cules. It then became reasonable to suppose that when 
you banged or rubbed or squeezed something, you 
would make the atoms and molecules shake and move 
in some way. 
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If heat is the motion of these particles then it is easy 
to see how rubbing or banging can cause heat. The 
molecules are speeded up. The speeding up is the heat. 
In more scientific language : H eat is the energy of mo 
tion of molecules. 

What is temperature? Scientists define it as the aver 
age kinetic (motion] energy of molecules. In simpler 
terms, you can think of temperature as related to the 
speed of the molecules. High speed or high rate of vibra 
tion means high temperature. Low speed means low 
temperature. 

According to our explanation of heat there should 
be some temperature at which there is no more motion 
and therefore no more heat. Scientists have measured 
this temperature to be 459^., or 459F. below what 
we call zero. What we call zero is really not that at all, 
but rather, a fairly high temperature as compared with 
the real zero. This actual temperature at which there is 
no heat at all is called absolute zero. Scientists use a 
Centigrade temperature scale. On that scale the abso 
lute zero is ( 273C.). 

What is our picture of cold? It is simply the absence 
or lack of heat. A cold object simply has less motion of 
molecules than a hot one. You might compare this situa 
tion with "light and dark." Dark is lack of light. Cold 
is lack of heat. 

But there is a difference. We can easily tell the "ab 
solute zero" of light. It is then pitch black, and there 
is no light at all. We can survive In the dark and also in 
the light. 

Conditions of heat or cold are more critical for us. 
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When the temperature goes up to iooF., we sweat and 
suffer. When it goes down to 30 F., we shiver and shud 
der. This is so important to our well-being that we feel 
all temperatures in relation to our comfort. So, when 
the temperature drops and we feel cold we don't feel 
that we are losing heat, or that there is less heat. We 
feel something real, and different from heat. Cold and 
warm seem to us to be two different things. But they 
really are not. They are just conditions of more or less 
than normal of the same thing heat. 



CONDUCTION 

We can now answer our question about heat travel 
ing through the solid metal of a pot. Hot air and gases 
from the flame rise and reach the metal of the pot. The 
high-speed molecules of the gas strike the low-speed 
molecules of the metal. The metal molecules on the out 
side of the pot are speeded up. The outside of the pot is 
now hot. 

Now, the speeding up in solids is not just a movement 
from here to there, like that of a bus going from Atlanta 
to Seattle. The motion is a vibration, a back and forth, 
up and down, side to side motion like that of a crowd of 
energetic, hopping, rock-and-rollers at a dance. They 
get "hot" by jumping around more energetically. 

Now imagine a crowded dance floor. The music is 
slow, and the dancers are vibrating leisurely. The music 
changes and an energetic group at one end of the floor 
speeds up. Their motion is immediately transferred to 
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their neighbors. This one gets kicked. That one gets 
bumped. Our energetic dancers are transmitting their 
motion to others. 

Now let's return to the vibrating molecules on the 
outside of the pot. As they vibrate faster they bombard 
and bang their neighbors. These are speeded up. These 
inside molecules, in turn, speed up their neighbors fur 
ther inside. Meanwhile more hot gases come up from 
the flame and speed up the outside molecules. These 
outside molecules then lose heat by giving motion to 
inside molecules. But then they are speeded up again 
by the hot gases of the flame and given a new supply 
of heat. Thus, the motion (and commotion) of the mole 
cules gradually spreads through the metal from outside 
to inside. 

The water in contact with the metal is heated in the 
same way. Thus, the metal and water quickly heat up 
as the molecular motion is transferred through the solid 
pot from one molecule to the next. 

This kind of transfer of heat through a material is 
called conduction. 

It is interesting to note that metals are generally good 
conductors of heat. This is related to the fact that they 
are also good conductors of electricity. As you may 
know, an atom is composed of still smaller particles. 
One type of particle, the electron, revolves rapidly 
around the outside of the atom. Most atoms have a 
number of revolving electrons (Fig. 33). Metals are 
metals because they have one or more "loose" electrons 
that are easily lost from the atom. Electricity can flow 
easily in metals because their loose electrons can easily 
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hop from atom to atom. Heat can also be conducted 
more easily in metals because loose, speeded-up elec 
trons can move out of one atom to hit a neighbor. Thus 
motion is more easily transferred from atom to atom 




Fig. 33 A typical atom, consisting of negatively ( - ) charged electrons 
whirling about a nucleus composed of positively ( + ) charged protons and 
neutrons (with no electric charge). 

or from one group of atoms (a molecule) to another. 
Among the metals, silver, copper, and aluminum are 
among the best conductors of both heat and electricity. 
Thus, copper and aluminum are used for frying pans 
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and pots where quick heating of food is required. These 
metals are also used in automobile radiators and air 
plane engines where quick cooling of the hot metal is 
important. Because of its high cost, silver is obviously 
not used as a heat conductor except for very unusual 
purposes. 

Iron and steel are fair conductors of heat, but not 
quite so good as copper and aluminum. Because of their 
low cost, they are widely used in radiators to heat our 
homes. In such a radiator, heat is conducted from the 
steam or hot water inside the radiator through the metal 
to the air in the room. 

The process of conduction of heat is illustrated in 
Fig. 34. Note how heat from the flame has been con 
ducted along the length of the block of material to melt 
the lead soldier on the left. But this material is a bit 
unusual in that the rate of conduction through its thick 
ness is much slower. As a result, the lead soldier on top 
of the board does not melt, even though it is much closer 
to the flame. Such a difference is not typical of most 
materials. 

There are many materials that conduct heat very 
slowly. Such materials are called insulators. Glass, rub 
ber, wool, asbestos, and air are insulators. Air is partic 
ularly poor as a conductor of heat because its molecules 
are so far apart that one moleclue has little chance of 
striking another and transferring heat. 

Poor conductors of heat like glass, rubber, and air, 
are called insulation materials. The best insulation 
materials are those which are made of poor conductors 
of heat in a fluffy state. Thus, the insulation material 
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glass wool is made of fibers of glass that are intertwined 
and meshed so as to trap air and create dead air spaces. 
Thus, the air, a much better insulator than glass, is the 

main source of insulation in the glass wool. 




Fig. 34 This special material Illustrates good conduction and poor conduc 
tion at the same time. The lead soldier above the flame does not melt 
because conduction through the material is slow. But heat is conducted much 
more rapidly along the length of the material, so the lead soldier on the 
left melts. (Raytheon Co.) 
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It is important that the air be trapped and unable to 
move because, otherwise, the cold or warm air could 
move through the material and thereby rapidly trans 
port heat by means of convection. We shall go into this 
process in detail later in this chapter. 

The walls and roofs of houses should be well in 
sulated so that heat will be kept from going into or out 
of the structure. In the winter we go to a great deal of 
expense to heat our houses. The better the insulation 
the less rapidly does the heat leak to the outside by 
conduction, and the less fuel we need to keep the house 
warm. Since heating the house is a major expense, it 
usually pays to insulate thoroughly in cold climates. 
This is usually done by filling up empty spaces in the 
walls and roof with fluffy insulation materials ( Fig. 35 ) . 

Windows are a major source of heat loss in cold 
weather. Storm windows reduce heat loss by creating 
a pocket of air that serves as an insulator. The extra 
window also prevents cold wind from getting in. 

We use fluffy wool, flannel or fur-lined clothes in 
cold weather for the same reason that we insulate a 
house. These insulators greatly reduce conduction of 
heat out of the body. The "stoves 55 inside of us then re 
quire less fuel, and we can keep warm without having 
the different functions of the body break down. 

One of the reasons that mammals and birds are able 
to survive in cold weather is that they have insulation. 
Mammals have hair and fur, while birds have feath 
ers. It is interesting to note that man's "fur" seems to 
be disappearing over the centuries. He no longer needs 
natural insulation, but instead, makes insulated clothes 
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from the hair (wool) of sheep and the furs of muskrat, 
beaver, rabbit, and mink. 

Let us pause for a moment to consider the "folly 55 of 
the woman who wears a mink coat incorrectly. The hair 




Fig. 35 Fluffy insulation with plenty of "dead air space" greatly reduces 
conduction of heat into or out of the house. (Johns-Manville Photo) 

of the fur is a better insulating material when it is on 
the inside, between the person's body and the leather of 
the fur. A dead air space is thereby created. As it is usu 
ally worn, with the loose fur on the outside, the cold 
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winds blow away the air near the fur and get right at 
the leather surface down below. Thus most of the insu 
lating value of the fur coat goes to waste. However, w r e 
do not think anyone will have much success convincing 
people that their way of wearing mink coats is not very 
efficient. 



CONVECTION 

We have noted that air can move about from place 
to place and thereby transport heat. You might com 
pare this process with that of transporting heat from a 
hot place to a cold one by carrying hot objects. For 
example, if there is a stove in the basement of a house 
and we want heat up in a third floor bedroom, we can 
produce it by setting up a bucket brigade to carry hot 
bricks up to the distant room and cold bricks down 
again to be reheated. This is hardly practical, but it 
illustrates the process. 

Now, liquids and gases have an interesting property 
in common they can flow. Such materials are there 
fore referred to as fluids. It is an interesting fact that 
heating or cooling the fluids can make them move in a 
continuous current. Such a flow caused by heat or cold 
is called a convection current. We have already seen 
that such convection currents are the basic cause of 
winds on earth. 

You can easily create such a convection current in a 
pot of water on the stove. Using a spoon, gently pour a 
bit of coffee or similar colored liquid along the inside 
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edge of the pot. This provides a visible portion of the 
water. Position the pot with one edge in the flame and 
the other out of it (Fig. 36). Turn on the heat and 
watch the motion of the colored part of the water. You 
will see it rise on the heated side and fall on the un- 
heated side, as shown In Fig. 36. The resulting convec 
tion current continues so long as the pot Is heated. 
Why should this flow r occur? 




Fig. 37 shows the effect of the intense heat of a forest 
fire. The rails are bent completely out of shape. What 
happened here was that the rails expanded with heat 
and became longer. With a moderate temperature rise, 
the small spaces (about % Inch) left between the ends 
of the 50 -foot sections of rail allow room for this ex 
pansion. But with the high temperatures of a forest fire 
the expansion Is so great that the spaces close up and 
the ends of the rail began to push against each other. 
With additional expansion the rails buckle and bend. 
Fig. 37 Illustrates a basic property of all matter: ex 
pansion with rise in temperature. 

There are certain situations that are exceptions to 
this expansion with heating, particularly when mate- 
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rials change state from solid to liquid. For example, 
when ice is heated and melts to form water, there is a 
contraction due to a reorganization of the arrangement 
of molecules. Thus, water is more compact than ice, 
and ice is lighter than water. It is for this reason that 




Fig. 37 The extreme heat of a forest fire expanded the rails and bent them 
out of shape. (U.S. Forest Service Photo) 

ice floats on water. But such exceptions are rather rare. 
In the main, materials expand when heated. 

Expansion with heating is a direct result of the in 
creased motion of molecules. The additional speeds 
cause the molecules to bombard each other harder and 
to increase the force that spreads them apart. This 
spreading apart of the molecules is observed as its ex 
pansion. 

Now, picture that portion of the water in a pot that 
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is being heated. It expands. As a result it becomes a 
bit spread out and lighter than the water around it. 
The heavier, cool water sinks and pushes up the lighter, 
warm water. A new batch of water moves into place 
over the flame. In turn, this cool water is heated and 
becomes lighter, to be pushed up as the heavier water 
falls. And so a continuous current a hot convection 
current is created, with the hot portions rising as the 
cooler portions fall. This current continues so long as 
the heat energy is applied. 

Giant ocean currents like the Gulf Stream are created 
in this way by heating at the equator. Others, such as 
the Labrador Current are created by cooling of water 
in the Arctic regions. 

Cold convection currents are created in a similar way. 
You can observe this in a pot of very warm water. As 
before, use a spoon to place some coffee or other colored 
liquid into one side of the pot. Lower an ice cube into 
the colored area. A falling convection current of cool 
water can be observed. 

Radiators are placed near the floors of rooms to gen 
erate a convection current by heating the air and mak 
ing it rise. If the heating unit were near the top of the 
room the hot air would stay there. No convection cur 
rent would be created and the floor of the room would 
remain cold. 

This tends to happen anyway. Get up on a stepladder 
in a heated room, or in a kitchen where a stove is on. 
You will feel a marked increase in temperature the 
closer you get to the ceiling. 

Open the refrigerator and note the position of the 
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cooling unit, at the top. The cold air below the unit be 
comes heavier as it contracts and falls. Warmer air near 
the bottom is then pushed up. In turn, this warmer air 
is cooled. A cold convection current is thus created 
which keeps all parts of the refrigerator at low tempera 
ture. 

If the cooling unit had been placed at the bottom 
there would be no convection current and the top would 
remain warm. Note that this is actually done in dis 
play cases for frozen foods in stores. Have you noticed 
that the tops are usually left completely open so that 
customers can reach in without hindrance? This is pos 
sible because the very cold air settles down to the bot 
tom and stays there. Some heat could go downward, 
by conduction. But air is an excellent insulator and this 
process is extremely slow. Some warm air gets in as 
customers poke around and stir up the cold air. But 
without a convection current the freezer stays quite 
cold even though it is wide open at the top. 

You probably have had the experience of making a 
campfire. If so, you know that it is important to start 
the fire with some room underneath for a draft of air 
to go up into the burning material. The flame needs 
oxygen for the fuel to burn. So, a continuous air supply 
is essential. As the hot gases from the flame are heated 
they expand and become lighter. Nearby colder air 
therefore rushes in underneath the fire and pushes the 
hot gases up. The convection current automatically 
feeds new oxygen to the fire and keeps it burning. If the 
bottom is obstructed or if the fuel is piled too densely, 
the passage of air is blocked and the fire tends to die out. 
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Furnaces in homes and in factories make use of con 
vection currents in the same way. A draft of air is always 
maintained up through the flame. The hot gases circu 
late around metal pipes that contain the water to be 
heated and heat is conducted through the metal to the 
water inside. Then the warm gases rise through a tall 
chimney to be released into the air. 

The difference in weight between the hot expanded 
gases in a tall chimney and the cool air outside is greater 
than for a short chimney. Thus, air rushes in faster 
when the chimney is tall. That is one reason why chim 
neys for factories are often quite high. 

Transfer of heat by convection is a much more rapid 
process than conduction. The heat is moved just as rap 
idly as the current moves. If the motion is too slow, we 
often speed it up by using pumps (for water) and fans 
(for air). 

Convection currents are very important in household 
heating. In most heating systems it is necessary to trans 
fer heat from a furnace in the basement up to rooms 
quite far away. In hot air heating systems air is heated 
in the basement, a convection current is created, and 
the warm air rises through grates in the floors or through 
large pipes called ducts. Fans are often used in large 
buildings where convection alone does not adequately 
heat distant locations. 

Hot water heating systems make use of pipes to guide 
the convection current to upper rooms. Once the hot 
water enters a radiator in a room, its heat is conducted 
through the metal and out into the cooler room. Then 
another convection current, generated in the air by the 
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hot radiator near the floor, warms up distant parts of 
the room. 

A hot water heating system requires return pipes to 
"complete the circuit 35 and bring back the cooled water 
for reheating. Thus, one inlet pipe and one outlet pipe 
are always observed in the radiators of such hot water 
heating systems (A in Fig. 38). 

Some hot water systems make use of water pumps to 
speed up the delivery of hot water to distant rooms. 




Fig. 38 A hot water radiator (A) has two pipes and no air valve. The steam 
radiator (B) has one pipe and an air valve. 

Steam heating is more common than hot water heat 
ing largely because it is a bit cheaper. The water is 
heated in the boiler. Its molecules move faster and 
faster, finally reaching the boiling point, whereupon 
they jump out into the air to form steam. In this process 
the expansion is enormous. One cubic foot of water 
changes into about 1,800 cubic feet of steam. Steam 
pressure rapidly builds up, forces its way up the pipes, 
and pushes the air ahead of it. When the steam reaches 
the radiator it warms up the cold metal. At the same 
time the steam is cooled by the metal of the radiator. 
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The cooling causes the steam to condense and change 
back to the much more compact form of water. The 
water drips down the inside of the same pipe through 
which the steam came up. Thus, only one pipe is needed 
for a radiator of a steam heating system instead of the 
two needed in hot water systems (B in Fig. 38) . This is 
one reason why steam systems are cheaper. 

In addition, steam systems operate at higher tempera 
tures than hot water heating systems. Therefore, a 
smaller, hotter radiator can give the same amount of 
heat to a room as a larger not-quite-so-hot radiator of 
a hot water system. 

So far the advantages all seem to be with the steam 
system. But let's consider the other side of the story. 

When a steam system is operating, the pipes and radi 
ators are full of steam. When the steam cools off it 
shrinks back to 1/1800 of its former volume. This 
shrinkage leaves a vacuum in the pipes. There must be 
some way for air to get back in, or leaks will tend to 
develop. At the same time, when the steam system starts 
heating up again the air must be driven out or it will 
block the steam and prevent it from going up. So, every 
radiator must have a special air valve near the top 
(Gin Fig. 38). 

The basic part of this air valve is a bimetal disk. This 
disk is made of two different metals which expand at 
different rates when heated. Suppose that metal A (Fig. 
39 ) expands faster than metal B when heated. It will, 
therefore, also shrink and contract faster when cooled. 
Since the two metals are attached, the disk will bulge 
one way or the other depending upon which metal is 
78 



shorter or longer. The outside of a curve is longer than 
the inside. Therefore, the disk tends to be pushed into a 
position where the longer metal is on the outside of the 
curve. 
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Fig. 39 A bimetallic strip curves one way when heated and the other 
way when cooled. 



CLOSED 




Fig. 40 A bimetallic disk closes the air valve in a steam system when heated. 

Suppose that the disk is in open position when the 
radiator is cold (Fig. 40). The space above the disk is 
clear and air can get out as steam pushes its way up the 
pipe. 
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However, once steam begins to come out, the disk 
warms up. The faster-expanding metal (A) tends to 
get to the outside position of the curve. Pop! It springs 
up and shuts off the escape passageway (C). Now the 
steam can't get out. 

When the furnace shuts off and steam stops coming 
up, the disks ccol off. Metal A shrinks faster than B. 
Soon B tends to be on the outside. Pop! The disk springs 
down and opens up the passageway. Air can now come 
in as the steam cools and condenses. 

A similar type of heat safety valve is used in auto 
matic gas heaters and in gas refrigerators to shut off the 
gas when the flame goes out. The flame plays on the disk, 
heats it up, and keeps it in the open position. If the flame 
should go out for some reason, dangerous gas is kept 
from escaping into the house as the disk contracts and 
pops out on the opposite side. This action shuts off the 
gas. 

If an air valve is defective and remains shut all the 
time, then air can't get out and steam can't come up to 
that radiator. This is a major source of trouble in steam 
heating systems. Replacement of the valve is often 
all that is needed to make the radiator heat up prop 
erly. 

Special valves are also available with adjustable air 
openings. With these it is possible to regulate to some 
extent the amount of heat given out to the room. With 
a small opening air comes out slowly, the radiator heats 
up slowly, and less heat is supplied to the room. With a 
wide-open air vent the steam comes up faster and pro 
vides more heat. 

80 



In addition to defective air valves, another source of 
trouble in steam heating systems is due to the fact that 
there is only one pipe for steam to go up and for water 
to drip down. Water tends to collect in any low parts 
of the pipe. It then blocks the passage of steam. This is 
often accompanied by gurgling and violent banging as 
water is hurled against the sides of the pipes by the high 
pressure steam. 

To prevent these water-trapping pockets, the pipes 
in steam systems are always sloped a bit downhill. But 
old houses have a way of settling, and downhill pipes 
often become uphill pipes. It sometimes helps to put a 
block of wood under the legs of a steam radiator oppo 
site the pipe, to let the water in it drain down. 

In addition to the disadvantages noted above, none 
of wilich apply to hot water heating systems, the radia 
tors in steam systems are hotter. Children and careless 
adults are sometimes injured by these very hot radiators. 
Furthermore, changes in heat income and outgo in a 
room are not as gradual in steam systems as in hot water 
systems. When the furnace shuts off the steam stops 
coming up almost immediately. The radiator cools off 
quickly. It also takes a long time for the water in the 
boiler to be heated up to steam after cooling off. 

In hot water systems the hot water tends to rise in 
radiators and stay there. Thus the radiator remains 
warm for a while after the furnace shuts off. And hot 
water begins to come up by convection as soon as the 
heat goes on again. Thus hot water systems produce 
less variation in room temperature. 

As you can see, hot water systems are superior in 
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many ways. The rather slight additional cost of instal 
lation is greatly offset by improved heating. 

What makes the furnace shut off and on? Most heat 
ing systems have automatic thermostats that do this job. 

One form of thermostat makes use of a bimetallic 
strip rather than the disk discussed previously. As the 
strip is heated it bends one way (B in Fig. 41 ). As it 
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Fig. 41 Thermostat for a house-heating system. 

cools, it bends the other way (A). An electric contact 
at C is touched by the strip if it cools sufficiently. This 
contact completes the electric circuit, and current flows 
from a source of current (D), to pull an electrical 
switch that turns on the motor pumping oil to the fur 
nace. 

After a while, when heat comes up, the bimetal strip 
bends toward A and pulls away from the contact to 
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break the circuit and shut off the current. The furnace 
then shuts off. 

The thermostat Is adjusted by moving the contact 
closer to A or further from It. This adjustment Is made 
by turning a knob on the thermostat. 




Fig. 42 Which house is more comfortable in winter? (Johns-Manville Phofo) 

A similar thermostat controls the temperature In a re 
frigerator. The essential difference Is that the contact 

Is on the other side, so that the circuit Is completed 
when the bimetal strip warms up sufficiently, rather 
than when It cools off. Thus the refrigerator goes on 
when It warms up to a certain temperature. 



PROBLEMS 

i . Fig. 42 shows two adjacent houses. The one on the 
left has no snow on the roof. The one on the right has 
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Fig. 43 If it's so hot, why doesn ; t he wear light summer clothing? (United 

States Steel Corp.) 



snow on the roof. Which house would probably be more 
comfortable in the wintertime? (Answer on page 184) 
2. Fig. 43 shows a worker near a hot furnace. He is 
heavily clothed. This seems strange. We generally think 
of heavy clothing as keeping us warm. Why, then, is he 
wearing a heavy coat? (Answer on page 184) 
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RADIATION 



WE have seen two different methods by which heat can 
be transported: conduction and convection. There is a 
third way 3 radiation. 

In a sense this is by far the most important method 
of heat transfer because it supplies heat to the earth 
all the way from the sun. There is the sun up in the 
sky, 93 million miles away. Here we are on earth. Be 
tween us is comparative emptiness what we call a 
vacuum. 

Can heat get to the earth by conduction? No, there 
are almost no molecules out in space to bang into each 
other and conduct the molecular motion we call heat. 
Nor can there be any substantial convection in the vac 
uum of outer space. We think some kinds of high speed 
particles do arrive from the sun but far too few to 
supply our heat needs. 

The fact is that heat, or molecular motion, does not 
get to us directly. On the sun the heat energy is changed 
into radiant energy of which ordinary light is one form. 
This light energy travels out from the sun at the speed 
of 186,000 miles a second, reaching the earth in about 
8 minutes. It smashes into the molecules of air, sea, and 
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land, makes the molecules move, and thereby causes 
heat. In other words the process is : 

SUN SPACE EARTH 

HEAT > LIGHT > HEAT 

ENERGY AND OTHER ENERGY 

RADIATION 



As you may know, ordinary white light may be broken 
> into a spectrum by passing it through a triangular 
A 



up 




Ultraviolet 

Fig. 44 A prism produces a spectrum. Invisible infrared and ultraviolet 
waves may be detected beyond the red and violet areas. 

prism (Fig. 44) . In the spectrum, we observe the colors 
ranging from red at one end to violet at the other. 

But there are "colors" that we can't see. "Beyond" 
the violet are the ultraviolet rays that cause sunburn. 
"Below 55 the red are the infrared rays. The infrared rays 
are of particular interest to us because they are impor 
tant in the study of heat. 

Try this experiment. Grasp a pin with a pair of pliers. 
Place the point of the pin in the gas flame of your 
kitchen stove. (Never do this while holding the pin 
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directly with your hands. ) In a short while the pin glows 
red hot. Take it out of the flame. The red glow disap 
pears as it cools off. 




Fig. 45 Any object, when heated sufficiently, will glow and give off Sight. 
(United States Steel Corp.) 

Any object that is heated to a sufficient temperature 

begins to give off light and glows (Fig. 45). Edison 
made use of this fact when he invented the electric light. 
Electricity flows through the filament wire, which is 
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made thin and short to concentrate the heat and of a 
material that does not melt easily, such as tungsten. The 
concentrated heat raises the temperature until the wire 
glows and gives off light. 

The production of light is the result of the hopping 
of electrons from outer orbits to inner ones as they re- 
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Fig. 46 Light is emitted from an atom whenever electrons jump from higher 
energy (outer) orbits to lower energy (inner) ones. As the temperature in 
creases, these jumps become more energetic and visible light is given off. 

volve around atoms (Fig. 46) . Heating makes the elec 
trons jump into outer orbits. Then they jump back 
again. As they do, splashes of light waves are emitted. 
If the jump is greater, then the light wave is a more 
powerful "packet" of energy, which shows up as a high 
frequency color nearer to the blue end of the spectrum. 
If the temperature is lower and the atomic commotion 
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is less, then the electron jumps are less energetic and the 
frequency of the light energy emitted is less. The light 
wave is then closer to the red end of the spectrum. 

As an object is heated, we soon observe a dull red 
glow. The low energy red light waves are beginning to 
be radiated. As the temperature increases, more and 
more of the high energy green and blue waves are 
emitted along with the red, orange, and yellow. All 
colors are now present. The color of the light we see 
changes from red to white. The metal is now c 'white 
hot." 

As the material cools off, the reverse takes place. The 
orbit jumps of the electrons become less energetic and 
the color changes from white to yellowish to orange to 
red to dull red, and then the glow disappears. But this 
disappearance is just the result of our limited vision. 
The object is still emitting "light," but of the invisible 
infrared type. In fact every object emits infrared radia 
tion, even at ordinary room temperature. The radiation 
is slight, and it is also of low energy and low frequency. 
But it is emitted. 

This fact is shown in Fig. 47. The infrared image of 
a woman holding a glass of ice water has been captured 
on film by a special process. In this photo all darker 
areas are warmer and all lighter areas are cooler. Note 
how the picture reveals the higher temperature of the 
skin of the face and hands, the lower temperature of 
the hair, glasses, and clothing, and the still lower tem 
perature of the ice water. 

A different method was used to take the infrared (or 
heat) photo of Manhattan Island shown in Fig. 48. 
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Fig. 47 This picture was taken by infrared rays. Cool areas, such as the 
glass of ice water, show up white. Warm, areas are dark. Note the increased 
radiation from the face and hands. (Baird-Afomic, Inc.) 

Special filters blocked visible light from the camera and 
permitted only infrared rays to reach the film. In pic 
tures taken by this method, cooler areas are darker and 
warmer areas are lighter. The photo on the left (A) 
was taken at 10 A.M. at a time when the sun was shin 
ing. At such a time the water areas would appear rather 
bright in a photo taken with visible light. But 5 note that 
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Fig. 48 An Infrared photo of part of New York City reveals high intensity 
radiation from the rooftops and docks during the daytime (A). At night (B), 
most of the infrared radiation comes from the streets. The cool water appears 
dark at all times. (Servo Corp. of America) 

in this infrared photo the water areas (C, D ? E 5 F, G) 
are black. The water areas are cool and do not emit 
much infrared radiation. Also, note the black area at H. 
This is Central Park, a cool, wooded, grassy area. But 
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note the white specks over much of Manhattan. These 
are black roofs, warmed in the sun and emitting infra 
red rays. The docks on the Hudson River ( J) also stand 
out as areas of infrared radiation, probably because of 
dark roofs. 

Now observe the photo (B), which was taken at 10 
P.M. The water areas still appear dark because they are 
cool. The white areas representing the black roofs and 
the dock areas are greatly reduced in intensity. These 
have cooled off a good deal. Now the lines of the streets 
appear most prominently. Street lights, car engine ex 
hausts, and general hustle and bustle make the streets 
the hottest areas, and that fact is revealed in the photo. 

Such pictures may play an important role in the con 
trol of the manufacture of atomic bombs. When, as we 
hope they do, the nations of the world agree to stop 
making bombs, one of the problems will be to prevent 
the use of secret underground factories that produce 
nuclear material. An infrared photo of the kind shown 
in Fig. 48 might spot such a factory from the heat and 
infrared radiation it produces, even if underground. 

Railroads are experimenting with a practical use 
for infrared radiation. An infrared detector near the 
track makes a time record of radiation from the wheel 
bearings as they pass by. If the axle of a wheel lacks 
lubrication, friction causes it to heat up. The detector 
can spot this condition before it causes serious trouble. 
In fact, the time record will show which wheel is hot, so 
that all the others need not be inspected. 

Infrared radiation also plays a very important part in 
chemical analysis in laboratories. Fig. 49 shows two 
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OIL WITHOUT ADDITIVE 
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Fig. 49 Each material absorbs infrared rays In a characteristic way, thereby 
providing a powerful tool for chemical analysis. A slight difference in 
absorption curves of two automobile oils (A and B) reveals the presence of 

an additional chemical in oil B. Note the differences at C, D and E, F. (BecJc- 
man Instruments) 



graphs made by passing different wavelengths of infra 
red radiation through two different automobile lubri 
cating oils. The oils absorb certain wavelengths more 
than others in a way that is characteristic of the chem 
icals in the oil. 

Note the similarity in the two graphs. Yet slight dif 
ferences in the curves, especially at C and D, and E and 
F, reveal the presence of additional chemicals in one of 
the samples. The location and amount of difference en 
ables the chemist to identify the chemical and to esti 
mate how r much is present. 



RADIATORS 

It may seem strange to think of yourself and all w r arm 
objects around you as "glowing" with invisible infrared 
radiation. But Figs. 47 and 48 reveal that this is really so. 

Stand near a hot radiator. Put your hand alongside 
but not touching it. You feel the infrared radiation from 
the radiator. That's why we call it a radiator. The radi 
ator emits the infrared radiation, w r hich then passes 
through the air, strikes your hand, makes molecules 
move and thereby creates heat in your hand. 

Do the same near a light bulb. Hold your hand to one 
side or below it, rather than above. This wdll prevent 
heating by the upward flow of the hot convection cur 
rent of air. Turn on the bulb. In an instant you feel the 
heating effect of infrared radiation. Turn off the bulb. 
Bring your hand very close to the glass. You can feel the 
heating effect of the infrared radiation for a short while. 
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Some new homes and factories use radiant heating 
rather than convection currents in air, hot water, or 
steam. The idea in these heating systems is to warm up 
slightly a large panel on a wall, ceiling, or floor. The 
large surface then radiates infrared rays w r hich warm up 
objects in the room. Fig. 50 shows how pipes for warm 
w r ater are embedded in a ceiling for radiant heat. Simi 
lar Installations can be embedded in floors, as w r ell. 




Fig. 50 One type of radiant heating system uses warm water pipes in the 

celling. (Edwin L Wiegand Co.) 

Because of the large radiating surface, wrater can be 
circulated through the pipes at slightly warm tempera 
tures rather than hot. The moderate radiation from a 
very large surface then provides an even heat through 
out the entire room. 

Radiators heat nearby air by radiation and convec 
tion. Distant parts are heated mainly by the convection 
current. Therefore It Is necessary to raise the tempera 
ture of the air to the comfortable jo's required by most 
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people. But with radiant heating, the infrared rays pass 
through the air and warm as they strike people and ob 
jects. Thus it is possible for people to feel comfortably 
warm even if the air temperature is 60 F. Such a system 
can save fuel. 

An ordinary, fluffy, dead-air-space type of insulation 
is not too effective in stopping radiation. Remember that 
infrared radiation and heat are not the same thing. In 
frared rays can pass through air and vacuum quite 
readily even though conduction and convection are 
stopped. A simple and very effective way to stop radia 
tion is to cover the material we wish to protect from heat 
with shiny metal foil, usually aluminum. As you know, 
metals appear shiny because they reflect most of the 
light that strikes them. Such shiny foils also reflect infra 
red rays in the same way. Since it is only the outer shiny 
surface that does this, the cost of the metal can be re 
duced by using thin foil. Thus, an excellent form of in 
sulation for buildings is a thick, fluffy block of dead-air 
space insulation covered with a layer of aluminum foil 
(see Fig. 35 ). The metal foil also helps stop convection 
currents. 

Shiny metal surfaces and, to a lesser extent, white 
surfaces, prevent gain or loss of heat from infrared radi 
ation on both sides of the metal surface. Most of the 
infrared rays striking a shiny metal box from outside are 
reflected and do not heat the box. Thus, the contents of 
the box (or house) are kept cool in summer. On the 
other hand a warm object inside the box radiates heat 
outward, only to have the shiny metal reflect the infra 
red rays back into the box. Thus, the heat is retained. 
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Fig. 51 How can he survive the flame? (U.S. Air Force) 

The shiny metal foil and the fluffy insulation thereby 
keep homes cooler in summer and hotter in winter. 

Black or dark-colored objects do just the opposite. 
These objects appear black because they absorb and 
capture light energy. They also absorb infrared radia- 
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tion, which causes heat, and they radiate heat well. 
Thus, black objects, unlike white ones, permit heat to 
enter or escape by radiation. 

Many people are not aware of all these facts. For ex 
ample, radiators are often painted a shiny metallic color. 
This has the effect of stopping exit of heat by radiation. 








Fig. 52 Why are there icicles only on the white parts of the awning? (James 
R. Sheppard) 

Thus, the efficiency of the radiator is reduced. It w^ould 
be better to use a dull, dark color for the radiator to in 
crease the radiation. 

Similarly the best color for a roof is a white or metal 
lic color. This is particularly important on broiling hot 
summer days. Yet most roofs are covered with black tar 
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that absorbs most of the radiation from the sun. Then 
the roof of the house heats up to radiate its infrared rays 
down on the unlucky people in the house. Special paints 
are available for covering the black tar roofs with metal 
lic, reflecting coatings. 

It is interesting to note that many farmers are using 
shiny metals for the roofs of their barns and silos. But 
houses generally do not have such sensible roofs. Appar 
ently more attention is paid to hot weather comfort for 
farm animals than for people. 

In addition to the use of reflective coatings in build 
ings, the heating of houses in summer can be greatly re 
duced by blowing the hot air out of the attic with a fan. 
After sunset the removal of the hot air trapped in the 
attic and near the ceiling of the top floor cools it con 
siderably and makes a house much more comfortable on 
summer nights. 



PROBLEMS 

1 . Fig. 5 1 shows a fire-fighter calmly walking into a 
blazing fire. How is this possible ? (Answer on page 1 84 ) 

2. Fig. 52 shows an awning as the sun melted the snow 
on it. How do you explain the fact that some of the 
stripes of the awning have icicles hanging from them 
while others have none? (Answer on page 184) 
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WORKHORSE OF THE WORLD 



WHAT do all of the following events have in common? 

1 . A half-empty bottle of milk was taken out of the re 
frigerator and placed on the table. After several min 
utes the cardboard cover of the bottle popped off. 

2. An automobile rolled along the highway at a tidy 
speed of 60 miles an hour. 

3. A jet airplane roared across the sky. 

4. At a signal from the chief of a road-building crew a 
charge of dynamite suddenly went off with a roar. A 
big chunk of mountain cracked and fell dow r n into a 
heap of rocks in the valley. 

5. A big-game hunter pressed the trigger of his high 
pow r ered rifle. The lion coming toward him dropped 
dead in its tracks. 

6. The crowd at a circus gasped as the man shot out of a 
cannon and was hurled 100 feet to a net (Fig. 53 ) . 

Behind all of these events is the work of expansion 
of a gas with heat. In every case the motion was the re 
sult of increased motion of molecules. 

Consider the half-empty milk bottle. As it w r as taken 
out of the refrigerator the heat from the room began to 
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Fig. 53 Expansion of gases by heat creates the force that propels this 
circus performer through the air into a distant net. (UP!) 



be conducted through the glass to the cold air trapped 
inside the bottle. Gradually the molecules of air inside 
the bottle speeded up with the increased temperature 
and bombarded the walls of the bottle more vigor 
ously. 

If the bottle had been open, the expanding air would 
have gone out through the mouth of the bottle. But, with 
the cardboard cover sealing the bottle, the air was tem 
porarily trapped. So, the pressure against the walls and 
the cover increased. Soon the pressure was sufficient to 
knock the cover off. 

Some day this may actually happen on your dinner 
table. Of course, if there is a slight leak between the 
cover and the glass, you may detect a leakage of air bub 
bles instead of a sudden popping. This is usually the case. 
But if you want to try it out, push the cover on tightly, 
put the cold half-filled bottle on the table and watch it 
carefully. 

In a similar way the motion of the bullet of a gun, the 
man shot out of the cannon, and the dynamite explosion 
are all the result of expansion with heat. The main dif 
ference between these explosive events and the gentle 
popping of the bottle cover is just one of degree. Heat 
ing is far more rapid and intense in the explosions. As a 
result, the molecules speed up very rapidly, bombard the 
sides of the closed container more violently, and create 
greater pressures. Thus, the resulting motions are more 
violent. 

Many examples of such expansion occur in nature. In 
Chapter 2 we considered how expansion of air by heat 
from the sun gives rise to winds and hurricanes. Let us 

103 



now consider how man has put these principles to use 
in doing work. 



STEAM ENGINES 



Perhaps the first practical use of expansion by heat 
was devised by a Greek philosopher, Hero, about 2,000 
years ago. Heat from a fire (A in Fig. 54) was used to 




Fig. 54 The first engine, devised by the Greek philosopher Hero some 
2,000 years ago. 

104 




Fig. 55 The action-reaction principle makes a lawn sprinkler rotate. 

boil water In a large metal container (B). The heat 
speeded up the molecules of the water In B until they 
broke free of each other and jumped out of the water 
In the form of steam. The greatly expanded steam, now 
in the form of a gas, rushed up two tubes (C and D ) Into 
a large ball (E) and out through two nozzles (F and 
G). This action caused a reaction which sent the ball 
spinning the opposite way, very much as a lawn sprinkler 
rotates due to the reaction of water shooting out of bent 
tubes (Fig. 55). 

Nothing much was done with the Idea of putting ex 
panded steam to work until the i yoo's. In 1 705, Thomas 
Newcomen Invented the first modern form of steam 
engine. Later, in 1774, James Watt greatly improved 
Newcomen's engine to produce a really practical device 
for doing work. The details of these engines are of less 
importance to us than the main ideas. These basic Ideas 
are: 
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1. Water in a boiler is heated by a fire to make steam. 
The molecules speed up and the steam exerts pres 
sure in the closed space. 

2. The steam is led by a pipe to a chamber with the shape 
of a cylinder (A in Fig. 56) . Inside the cylinder is a 
closely fitting flat disk called a piston (B) . The piston 
can slide back and forth inside the cylinder. Its mo 
tion is transmitted to the outside by means of a rod 
(C) and a crank (D) to turn a wheel (F). 
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Fig. 56 A simplified steam engine. 



Steam entering through a tube, controlled by a 
valve at (G) , pushes the piston to the right. After the 
piston arrives at the right side of the engine it is 
pushed back by steam entering through a valve (H) 
on the other side. Two other valves are needed. One 
at (I) lets old steam out at the left while new steam 
comes in at the right. The other ( J) lets old steam out 
of the right side when steam comes in from the left. 

You can see that it is just a matter of opening and 
closing the valves at the right times to get the engine to 
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chug away and do work. This was done very cleverly 
by James Watt using a slide valve arrangement. The en 
gine pictured in Fig. 56 is actually closer in design to the 
Corliss engine developed much later than Watt's engine. 
But the operation of the automatic valves of the Corliss 
engine is not shown. 

The force of expanding steam can be put to work in 
an even simpler manner by permitting the steam under 
pressure to shoot out of nozzles at a bladed wheel. The 




Fig. 57 A turbine is simply a bladed wheel spun by a moving fluid. 

principle here is similar to the turning of a windmill or 
top pinwheel in the wind (Fig. 57). The impact of the 
moving air against the angled blades of the wheel makes 
it spin at high speed. Such as arrangement applied to 
engines is referred to as a turbine. 

Where water power is available (generated by the 
heat of the sun), the impact of the moving water can 
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Fig. 58 The bladed wheel of a huge steam turbine that generates 120,000 
kilowatts of power. (Allis-Chalmers) 

turn a water turbine. If coal, oi! 5 or even atomic energy 
is available to boil water, steam turbines may be used. 

The principle is simple. But complications arise when 
we try to increase efficiency by obtaining as much prac 
tical motion and work as possible from a given amount 
of fuel. The complex shape of a practical steam turbine 
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wheel (Fig. 58) is due solely to the search for higher 
efficiency. It pays to spend a great deal on a big turbine 
that will operate at high efficiency for perhaps 10 or 15 
years and save several tons of coal a day. 

Notice that the turbine is extremely simple. The only 
moving part is the spinning wheel. No valves are needed 
to turn on and shut off automatically as the engine op 
erates. The valve is opened, steam rushes out continu 
ously, and the turbine wheel spins, day after day, month 
after month, without letup. It is, therefore, an ideal en 
gine for turning a generator for making electricity. But 
such an engine is difficult to use directly in a boat or train 
where it is necessary to start, stop, or reverse. 

The piston type of engine developed by James Watt 
is more easily controlled, but less efficient than the tur 
bine type of engine. Because of the back and forth mo 
tion of the piston, we refer to it as a reciprocating steam 
engine. 

One of the secrets of efficiency in an engine is the pre 
vention of loss of heat. Watt's piston type of steam en 
gine is a big heat waster. A fire is needed to boil the 
water. A great deal of heat is lost as the hot gases go up 
the chimney of the furnace. Then it is necessary to trans 
port the steam from the boiler to the cylinder. More heat 
is lost on the way. The external combustion (burning 
outside the engine) arrangement of a steam engine is, 
therefore, very wasteful. 

THE GASOLINE ENGINE 

In 1876, Nicholas Otto developed an internal com 
bustion (inside burning) engine upon which modern 
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CARBURETOR 



Fig. 59 The four strokes of a gasoline engine. 



gasoline and diesel engines are based. The idea is to burn 
the fuel right inside the cylinder. But, in that case, there 
are many complications because the fuel must be set 
afire to cause expansion and push the cylinder. The 
burned out gases must be disposed of and a new batch 
of fuel must come in, all in time to the motion of the pis 
ton. How is this done in a modern gasoline engine? 

Fig. 59 shows the main parts of one cylinder (A) of 
a gasoline engine. Assume that a charge of fuel is in the 
narrow^ space (B ) between the piston and the upper wall 
of the cylinder. At that moment an electrical spark (C) 
goes off and sets fire to the fuel. 

As the fuel burns it generates gases. These take up 
more room than the original fuel. In addition, the mole 
cules are speeded up and bombard the walls of the closed 
space. 

The suddenness of the burning in a confined space 
causes an explosive force. But the cylinder walls are 
strong enough to withstand bursting. The pressure that 
is built up finds its only outlet in pushing the piston 
downward with enormous force. In that respect the pis 
ton-cylinder arrangement greatly resemble a bullet 
shooting out of a gun. But in the case of an engine the 
piston pushes a connecting rod (D) and forces a heavy 
flywheel (E) to turn. 

This downward motion is called the power stroke. 
The piston rapidly reaches the bottom of the cylinder 
and is prevented from shooting out by its attachment to 
the crank (at E in Fig. 59 ) . By this time most of the force 
of the explosion is spent. It is now necessary to push out 
the burned gases ( F ) before a new charge of fuel can be 
brought in. 
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The heavy flywheel has been given sufficient momen 
tum by the explosion so that it can push the piston up 
and down several times. This momentum causes the fly 
wheel and the crank to push the piston up, 

On the way up, a special mechanical arrangement 
(not shown) causes an exhaust valve (G) to open. The 
burned gases are pushed out through an exhaust mani 
fold (pipe) , shown at H. In an automobile these exhaust 
gases pass through a muffler (not shown) which deadens 
the sound, and then go out through a tailpipe at the back 
of the car. 

When the piston reaches the top it is ready for a new 
charge of fuel. Gasoline is selected as the fuel because it 
evaporates easily. In other words, its molecules jump out 
into the air quite easily. This is important because a fuel 
requires air to burn, and, in addition, an explosion oc 
curs only if the fuel and air are thoroughly mixed in the 
right proportion. Too little air or too much and no ex 
plosion will occur. There is a proper mixture which must 
be obtained. 

A carburetor (I) evaporates the gasoline and mixes 
it with air in the proper proportions. The size of the dia 
gram of the carburetor in Fig. 59 is greatly reduced in 
proportion to the cylinder to show the general idea. 

As the piston starts its downward trip (still being 
pushed by the momentum of the flywheel ) the exhaust 
valve closes and an intake valve (J) opens up. The in 
take manifold (K) leads to the carburetor (I) and then 
to the open air at L. The downward motion of the pis 
ton creates more room inside the cylinder. As a result, 
the air pressure drops. Higher air pressure outside the 
engine causes air to rush into the carburetor ( I ) through 
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the intake manifold (F) and into the cylinder at M. As 
the air passes through the carburetor, it picks up a charge 
of evaporated gasoline in the right proportion. Thus, a 
properly prepared fuel-air mixture enters the cylinder 
on the downward intake stroke. 

You might think that the time is now ripe for the 
spark to go off and create another explosion. But wait! 
The piston is at the bottom. It can only move up, not 
down. It is necessary to wait until the piston gets back to 
the top. Obviously, during this time of upward motion 
both valves will have to be closed to prevent loss of the 
fuel-air mixture. 

You can also see that during this upward stroke the 
gases will be jammed and squeezed. This is a help, not 
a hindrance, because the more the fuel-air mixture is 
compressed the more violent is the explosion, and the 
more work we get from the same amount of fuel. In 
other words, higher compression increases efficiency. 
As a result, engine designers are constantly striving to 
compress the fuel-air mixture into smaller spaces thereby 
increasing the compression ratio. For example, a com 
pression ratio of 12:1 means that the fuel-air mixture is 
compressed to i 7 i2 of its volume. A lower compression 
ratio of 8 : i would produce a less violent explosion. De 
signers are limited in their attempt to increase compres 
sion ratio by the nature of the gasoline. With gasoline 
of higher octane rating it is possible to compress more 
intensely and thereby obtain more miles per gallon. We 
shall have more to say about this problem in the section 
dealing with diesel engines. 

At the end of the compression stroke the piston is at 
the top and the spark goes off. Another explosion occurs, 

113 



and the piston and flywheel get another substantial push. 
This cycle is then repeated, again and again, to make 
the engine turn continuously. 

The motion of the flywheel is obviously rather irreg 
ular, since it is pushed one-fourth of the time and then 
has to push the piston the other three-fourths of the time. 
This seems like a bad bargain. But the push is so force 
ful that it can keep the piston and flywheel moving for 
the rest of the time and still have some motion left over 
to do work. 

To reduce vibration, modern automobile and air 
plane piston engines use a number of cylinders 6, 8, 1 2, 
or even more. These cylinders are arranged in various 
ways in a line, in a V-shape, around a circle, or in 
other w 7 ays. But in all of these arrangements the pistons 
are connected to the same crankshaft, each pushing for 
part of the time. While one piston pushes during its 
power stroke, the others are on different strokes that re 
quire pushing. Thus, each piston takes its turn at push 
ing the crankshaft and flywheel in regular order. The 
net result is the smooth, almost vibrationless motion of a 
modern engine. 

The engine just described has a four stroke cycle. In 
other words it repeats the cycle after four strokes. In 
some engines the action during the power, exhaust, in 
take, and compression strokes is condensed so that the 
four parts of the cycle all occur in two strokes, down and 
up. Such engines are called two stroke cycle engines. 

Because of the extra power that results from more fre 
quent explosions, two stroke cycle engines give more 
power for the same weight of engine. They are, there 
fore, used for outboard motors and for other uses where 
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low weight is important. But there is always some mix 
ing of fuel-air with burned gases because of the rush to 
get both done at the same time. Such engines are, there 
fore, more wasteful of fuel. 

The steady, rather trouble-free operation of modern 
engines is really amazing. In a car moving along a road 
at moderate speed, the crankshaft of the engine may be 
rotating 50 times a second. There will be an explosion in 
each cylinder every other turn, or 25 per second. If there 
are 8 cylinders, there are 8 times 25 or 200 explosions per 
second! The valves in each cylinder are popping open 
and closed 25 times a second. Timing must be accurate 
to better than a thousandth of a second for each valve 
opening and closing and for every spark. An intake valve 
that opens too soon will let hot exhaust gases back up 
into the intake manifold and may cause a minor explo 
sion. An exhaust valve that opens too late will not allow 
much burned gas to escape and less new fuel-air mixture 
will then come in. A spark that goes off too soon starts 
the explosion before the piston gets to the top and will 
tend to push it backwards. 

All kinds of accessory systems are needed to keep the 
organized motion in the engine from becoming commo 
tion. An ignition system is needed to produce the sparks. 
Timing gears are needed to open and close the valves at 
just the right moments. The carburetor must feed a 
measured amount of gasoline into the air entering the 
engine and must do it properly for such different condi 
tions as idling, speeding on a road, or going up a hill. 

A lubrication (oiling) system is also needed to reduce 
friction and prevent wear of parts. Such wear occurs 
mainly at the rotating parts called bearings. These bear- 
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ings are made accurate to better than a thousandth of 
an inch. As the engine heats up, the parts of the bearings 
also heat up. Friction at these parts causes additional 
heating. Eventually the expansion by heating may cause 
the parts to grip and even to lock together. Repair of 
such parts Involves taking the engine apart and is very 
expensive. 

To prevent overheating the engine is equipped with 
a complete cooling system ( Fig. 60 ) . Passageways 

H (THERMOSTAT) 
B(WATER PUMP) 





Fig. 60 The cooling system of an automobile. 



throughout the engine are filled with water. Heat is 
conducted through the metal cylinder walls to the water, 
which cools the walls (at A ) . The heated water is 
pumped (B) up to the top of the radiator (C) at the 
front of the car. It falls down through narrow copper 
tubes ( D ) and the heat Is conducted to the air outside 
the radiator. The black surface of the radiator helps 
radiate heat. A fan (E) at the front of the engine now 
sucks air ( F ) through the radiator and removes the heat. 
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The cooled water then flows back to the engine through 
a pipe at G. 

A thermostat (H) controls the water flow r so that a 
steady temperature of about i7OF. is maintained. 
When a car starts on a cold day the thermostat blocks 
the water flow so that the engine heats up rapidly. When 
the engine becomes too hot the thermostat permits the 
water to flow more rapidly to cool ofL 

During the winter the water would freeze in cold 
weather. Unlike most other substances, which contract 
when frozen, water expands when it forms ice. If this 
happens in an engine the force of expansion is likely to 
break the solid iron engine block. So, a liquid antifreeze 
is mixed with the water. Such a mixture freezes at a 
much lower temperature and usually suffices to protect 
the engine from freezing. 

Isn't it remarkable that a car works at all! With so 
much to go wrong, it is really a tribute to modern en 
gineering that millions of cars can take off each morning, 
travel many miles, with about a million explosions for 
each travel hour for each car, and yet with only an oc 
casional breakdown of some part of the engine. More 
often than not, the engine stops because the owner has 
neglected to buy gasoline rather than because of a defect 
in the operation of parts. 



THE DIESEL ENGINE 



The operation of a diesel engine is very similar to that 
of a regular gasoline engine. There are cylinders, pistons, 
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valves, and most of the other parts with which you are 
familiar. But instead of a carburetor the diesel has a 
fuel injector; instead of taking in a mixture of fuel and 
air on the intake stroke, the diesel takes in air only. We 
can understand the reasons for these differences by con 
sidering some facts about the compression ratio. 

In the previous section it was stated that a high com 
pression ratio gives a more powerful explosion and 
higher efficiency. In that case, why don't engineers de 
sign engines to squeeze the fuel-air mixture a bit more on 
the compression stroke? 

You will recall that, according to our theory, heat is 
the motion of molecules. If you bang a wire with a ham 
mer, the molecules are pushed and move faster. So the 
wire gets hot. If you rub two sticks vigorously, you are 
pushing the molecules and the sticks heat up. Friction 
causes heat. In the same way squeezing or compressing 
a gas pushes the molecules. As a result, heat is produced 
and the temperature rises (Fig. 61 ) . 

During the compression stroke the squeezing of the 
fuel-air mixture speeds up the molecules. The tempera 
ture rises quite a bit. Soon the kindling temperature of 
the gasoline may be reached, to cause ignition before the 
piston reaches the top. This pre-ignition causes the explo 
sion to force the piston down while it is still moving up. 
Of course, it may still be able to reach the top a bit later 
and be pushed down a moment later. But in the mean 
time some motion has been wasted. Efficiency is de 
creased. Mileage per gallon is reduced. 

So, engine designers must take into account the kind 
of gasoline the driver is to use. A gasoline with a high 
octane rating does not pre-ignite so easily on the com- 
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pression stroke. Therefore, such a gasoline can be used 

with higher compression engines. Although It costs more 

per gallon, it also gives more miles per gallon. 




Fig. 61 High compression of rapidly moving air striking a model in a wind 
tunnel, plus friction, causes enough heat to make it glow. This experiment 
was performed to find ways of dissipating the heat of impact of high-speed 
space ships as they enter the earth's atmosphere. (Official U.S. Air Force 
P/iofo) 



One can always use a high octane gasoline in a low 
compression engine. But money is wasted in buying a 
more expensive gasoline designed for high compression 
engines. On the other hand, If you try to use a low octane 
gasoline In an engine with a high compression ratio, it 
won't work well because of pre-Ignltion. This causes a 
knocking sound In the engine. The engine is under strain 
and mileage is poor. 

In an attempt to get a higher compression ratio and, 
therefore, higher efficiency, Rudolf Deisel, a German 
engineer, hit upon the idea of squeezing only the air on 
the compression stroke. In the typical gasoline engine 
the fuel-air mixture may be compressed to about l /s of 
its volume. The compression ratio is said to be 8 : i . With 
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special high octane gasoline the compression ratio may 
go up to i o : i or even 12:1. But in a diesel engine with 
only air in the cylinder the compression ratio can be 
made 1 6 : i or even 1 8 : i . 

The main difference, then, between a diesel engine 
and a gasoline engine is that the diesel takes in only air 
on the intake stroke, not an explosive mixture of fuel 
and air. As a result, the compression ratio may be made 
much higher and there is much greater heating of air 
on the compression stroke. The temperature may go 
over i,oooF. 

At the top of the compression stroke the fuel is sud 
denly squirted in at high pressure by a device called a 
fuel injector. No ignition system is needed because the 
temperature of the compressed air is so high that the 
fuel burns immediately without further heating. 

Now, observe that the need for a special fuel like gaso 
line has disappeared. Gasoline is selected as a fuel for 
automobile engines because it evaporates easily and 
mixes readily with air. Kerosene and fuel oil can't be 
used because they evaporate too slowly and a proper 
fuel-air mixture can't be achieved without special 
methods. But with a diesel engine many fuels may be 
used. Engines operating on diesel principles, can be de 
signed to use kerosene, oil, and even finely pow r dered 
coal. 

As a result, cheaper fuel may be used for diesels. It 
is for that reason that trains, buses, ships, and trucks use 
diesel engines. 

Why aren't they used for passenger cars ? There are 
serious disadvantages for small diesels. They cost more, 
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produce more smoke, and are harder to start, so they 
have not been widely used for regular cars. However, 
some taxicabs use diesel engines because of long range 
economy. 



THE JET ENGINE 



Many men in ancient times dreamed about flying. 
Some devised interesting schemes for doing so. All such 
efforts, however, were doomed to failure before 1900 
mainly for one reason : the engines in existence were too 
heavy. 

The steam engine, with external combustion, required 
a furnace and a boiler, in addition to the engine itself. 
With such a load the difficulties of flying were insur 
mountable before 1900. 

With the development of light-weight gasoline en 
gines around 1900, the stage was set for flight. In 1903, 
the Wright brothers mounted a small, light engine in 
their experimental airplane and took off into the air for 
the first time in history. 

An airplane flies in the following way. The motor 
turns a propeller with its angled blades. These blades 
"bite 55 into the air and force it backwards. You are prob 
ably familiar with Newton's famous law of motion: to 
every action there is an equal and opposite reaction. The 
action of the air being pushed backward by the propeller 
has an equal reaction on the propeller that sends it for 
ward. Since it is attached to the propeller, the airplane 
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must move forward, too. Air slides over the curved wings 
to create lift, and the airplane rises. 

What causes all this motion? It starts with the explo 
sion of gasoline inside the cylinders. The heat and expan 
sion in the rapid-fire explosions are responsible for the 
motion of the airplane. 

But there are many steps between the heat, the cause 
of the motion, and the final forward motion of the air 
plane. With such a complex setup there is bound to be 
a great deal of waste. Furthermore, as high speeds are 
reached, the "bite" of the propeller becomes very inef 
ficient. Finally, at the speed of sound (about 700 miles 
an hour), the whirling propeller becomes quite useless 
for increasing speed. And so, the jet engine was devel 
oped. 

Basically, the jet engine by-passes much of the com 
plex motion of the piston engine arrangement. An ac 
tion-reaction method is still needed. Something must be 
hurled backward (the action) to get the reaction that 
makes the airplane move forward. In the jet engine, 
the hot, burning, expanding gases are hurled out the 
back (Fig. 62). This action causes the reaction and 
the rest of the story is the same as before. 

But there is a problem. Burning a fuel requires air. 
The jet engine simply scoops it in at the front (A in Fig. 
63). Kerosene is used as a fuel. It is injected (B) into 
the burning chamber and set afire with a spark. The 
expanding gases then seek an exit. 

Now, note a difficulty. What's to stop the gases from 
shooting out the front, as well as the back? 

This problem is solved in different ways in different 
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kinds of jet engines. The most common form of jet en 
gine, shown in Fig. 63, prevents exit of hot gases through 
the front by means of a rapidly whirling, bladed fan 




Fig.- 62 A jet-assisted take-off (JATO) enables the heavily loaded plane to 
leave the ground with a shorter run. (Official U.S. Air Force PJiofo) 
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Fig. 63 Model of a turbo-jet engine. (Science Materials Center) 

called a compressor which forces the air backward into 
the burning chamber. 

So, the exploding gases can only blast out of the open 
back of the engine to cause the action-reaction com 
bination we seek. On the way, they pass through a 
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bladed turbine wheel and force it to turn. This tur 
bine is connected to the compressor by means of a shaft 
and thus powers the compressor. 

Some power is lost in turning the turbine. But there is 
enough left over for creating the action of the gases 
shooting out the back. 

Jet engine airplanes operate best at very high speeds. 
Propeller engines are more efficient at the lower speeds. 
The turbo-prop engine combines the advantages of both 
for intermediate speeds. A propeller is attached to the 
front of the shaft of a jet engine and is turned by the ex 
panding gases as they pass through the turbine. Thus 
the backward action is achieved by a combination of jet 
action out the back and propeller action at the front 
pushing air backwards. 

A modified form of jet engine could be adapted for 
use in automobiles, but the jet action is too dangerous. 
Pity the poor people innocently walking behind a car 
equipped with a regular kind of jet engine. Further 
more, the kind of action-reaction operation of a jet en 
gine is inefficient in cars which move at slow speeds and 
also have to start and stop in heavy traffic. But if the 
turbine part of the engine is built up so that more of the 
motion and energy of the jet goes to turn the turbine 
and then exits at much lower speeds, the engine will 
not only be safer, but can also be used more efficiently. 
In that case, the shaft is connected to an electric gen 
erator which can then operate electric motors at the 
wheels of the car. 

Experimentation is now going on with such gas tur 
bine engines that generate electricity to operate electric 

124 



motors. Some day such engines may be in widespread 
use. 

The problem of flight In outer space raises an addi 
tional problem in connection with jets. Once a jet air- 




Fig. 64 Why does the steel bar "punch a hole" In oil? (United Sfofes Steel 
Corp.) 

plane rises 10 or so miles, the air is so "thin" that the 
engine may not get enough oxygen to burn its fuel. Thus, 
beyond a certain limiting altitude, the engine must carry 
Its own oxygen supply. This Is the basic difference be- 
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tween a jet engine and a rocket engine. The extra weight 
of the oxygen supply greatly increases the problem of 
reaching outer space. But no way has been found to 
dodge this problem. 

One of the main directions of research in space flight 
centers around the fuels used. Scientists are at w r ork 
with liquid fuels and with solid fuels, seeking to achieve 
the greatest speed of hot gases shooting out the back, 
with the least amount of fuel. 

Before we leave this chapter, it is of interest to look 
back for a moment and note that in all of the engines we 
have described, heat energy is the basis of operation. It 
is the increased energy of motion of the burning fuel that 
causes the motion of the airplane, car, truck, ship, or 
bus. You can, therefore, see why the title of this chapter 
is "Workhorse of the World. 33 Without man's develop 
ment of w^ays of using the motion of molecules to pro 
duce motion of engines, our modern industrial civiliza 
tion would not be possible. 



PROBLEM 

Fig. 64 is a high speed photo of a bar of red hot steel 
being "quenched 93 in oil. It seems to punch a neat hole 
in the oil. In what way does this photo remind you of an 
engine? 

Why doesn't the oil catch fire ? (Answer on page 1 85 ) 
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REFRIGERATION 



YOU know the saying: "You can't blow hot and cold 
at the same time." This moral is based on the fable about 
a traveler who sought a night's lodging one cold winter 
night. The lady of the house observed him blowing on 
his hands to warm them, and then blowing at his soup to 
cool it, whereupon, so the story goes, he was driven from 
the house with the charge that "one cannot blow hot and 
cold at the same time." 

The strange part about this moral is that everybody 
knows that it is possible to blow hot and cold at the same 
time. If your breath is warmer than your hands, they 
can be warmed by blowing on them. And if the soup is 
hotter than the breath (which it usually is), you can 
cool it by blowing with that very same breath. So, you 
can blow hot and cold at the same time. 

This story illustrates how we generally heat and cool 
things. Heat always flows from hot objects to cold ones. 
To warm up a room we heat up a radiator with steam 
or hot water. Heat then flows out of the radiator into the 
air and warms the room. To cool yourself on a hot day, 
just jump into a cool lake. Heat flows out of your body 
into the cool water. The water gains heat from you, and 
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at the same time, you lose heat and cool off. Of course, 
if the lake contains a great deal of water the slight addi 
tional heat that you provide does not raise the tempera 
ture very much. 

There was a time when the only way for people to 
keep warm or cool was to get near something warm or 
cool and let the heat flow into or out of them, as desired. 

In ancient times man learned to protect himself from 
the cold by lighting a fire. But until recently that wasn't 
so easy. Starting a fire was quite a chore. Sometimes 
fires were left burning continuously in special temples 
to provide the "lights" which people needed for their 
home fires. Then, about 150 years ago, matches were in 
vented, and that problem was solved. 

Chunks of ice are handy in the summertime for cool 
ing drinks. Or more important, the ice can help preserve 
fresh food on hot days. But where does one get ice in the 
summertime? Our modern refrigerators have become 
so much a part of our lives that it is difficult to picture a 
time when they didn't exist. In ancient times, a king 
who wanted an icy drink might send runners oiT to get 
some snow or ice on top of a distant mountain. But, even 
for rich people, ice was something orie saw only in the 
winter, when it wasn't needed. 

Some farmers still get ice in the summer by cutting it 
up during the previous winter and burying it in large 
masses in special "ice houses," well insulated with thick 
layers of straw. Some ice can then remain unmelted all 
through the summer. 
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STATES OF MATTER 



The problem of producing cold was solved with the 
invention of the mechanical refrigerator. At first the 
machinery was bulky and expensive, and ice made at a 
factory was brought into the house by an iceman. Now 
adays, most homes have their own refrigerating machin- 




Fig. 65 The three main states of matter solid, liquid, and gas. 

ery. We even have additional ones in our windows to 
provide cool "air conditioned' 5 surroundings for hot 
summer days and nights. 

Most refrigerators in use today operate on the same 
principle that cools your body in the summer namely, 
evaporation causes cooling. Why is this so? 

Fig. 65 shows the three ordinary "states of matter" 5 : 
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solid, liquid, and gas. Actually, there are additional 
states and sub-states with many solids and liquids taking 
on different properties as they heat up or cool off. Sci 
entists are now investigating the plasma state in w r hich 
gases are heated so much that their outer particles (elec 
trons ) are stripped off. Such plasma states play an Im 
portant part in certain practical applications (Fig. 66) . 




Fig. 66 A protective coating is applied to a crucible by shooting a plasma 
at it. Temperature of the plasma is about 1 5,000 F. In this state of matter, 

some electrons are stripped off most atoms. (Mefco) 

But, more important, they will probably play a role in 
harnessing the energy of hydrogen bombs for peaceful 
use as a power source. 

For our purposes we can limit the discussion to the 
three familiar states of matter : solid, liquid, and gas, 

The solid state (A in Fig. 65) Is one In which the 
molecules are more or less fixed in one place. They at 
tract each other and hold together. You might compare 
these molecules to a crowd of people, each of whom Is 
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holding onto the arms and clothes of his neighbors. The 
individuals in this crowd can move about in a limited 
way, each within a small area. In other words, each can 
"vibrate" back and forth. But each person maintains 
his connections with his neighbors. 

In a similar way the molecules of a solid hold on to 
each other by means of attractive forces. Each can vi 
brate more or less as the temperature goes up or down. 
But the bonds between the molecules keep each in ap 
proximately the same place. 

Now, with the addition of "heat 35 our crowd begins to 
vibrate more vigorously. Everybody is shaking everyone 
else. At a certain degree of vibration (at a certain tem 
perature), holds and grips begin to loosen. The mem 
bers of the crowd begin to lose connection with one an 
ther. Individuals begin to wander about. 

In the same way, a solid "melts" into a liquid. The 
molecules begin to wander aimlessly about. But they 
still form a "crowd 35 and stick together as a group (B in 
Fig. 65 ) . In the case of water in a pot they are confined 
by the walls of the container and also by the force of 
gravity which pulls them downward. 

With greater increase in heat, the violence of motion 
increases. Soon some individuals in the crowed are mov 
ing so fast that they completely break away and fly out 
of the crowd. They have evaporated (G in Fig. 65). 
Eventually the entire room is in complete commotion. 
"Everybody" is running about at high speed, helter- 
skelter, bumping into others and rebounding, hitting the 
walls and bouncing off. 

In the same way, some fast-moving molecules of a 
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liquid evaporate by breaking away from the rest and 
wandering off into the air. With increasing temperature 
the rate of evaporation increases. Finally, at a certain 
"boiling temperature" the speed of molecules is so great 
that they break all bounds and completely fly apart, to 
form a gas. In this state one molecule no longer has much 
connection with the others, except for an occasional re 
bound. The molecules of a gas spread out in all direc 
tions, up and out, as well as down. 

Scientists describe these different states as having dif 
ferent degrees of -freedom. The molecules in a solid state 
have only one degree of freedom of motion vibration. 
The molecules in a liquid state have two degrees of free 
dom vibration and motion away from the starting 
point. But they still remain in a confined space. The 
molecules of a gas have three degrees of freedom they 
can vibrate, move away from each other, and also wan 
der off into space, completely free of each other. 

Of course, heating a solid does not necessarily cause it 
to melt. For example, when wood is heated sufficiently, 
it begins to char, and then to burn. It undergoes a chem 
ical change. Its molecules break apart as a result of the 
violent vibration. Parts of the molecules in wood join 
with oxygen molecules in the air to form entirely new T 
materials mainly carbon dioxide and water. When the 
molecules break apart they do so suddenly, like springs 
that are released, and the pieces fly apart with greater 
speed than before. So, heat is produced. 

Electrons (particles within the atoms that compose 
the molecules) jump vigorously from orbit to orbit. This 
causes light. The combination of heat, light, smoke, and 
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gases from the chemical charge produces the flame and 
fire that we observe when a fuel burns. 

If such a chemical change does not occur then solids 
eventually melt when heated and form liquids. Some 
go directly to the gas state. 

In order to accomplish such "liberation 55 by raising 
the solid to a higher degree of freedom, it is necessary to 
supply a great deal of heat. In fact, the last step, when 
the molecules break free, requires a great deal of heat 
just to break the bonds. That is why it takes so much 
heat to melt ice. And that is why ice has so much cooling 
ability. It must absorb a great deal of heat from nearby 
objects before it can melt. 

Let us express this idea with numbers. Scientists 
measure heat in units called calories. The calorie we 
refer to when dieting is a large calorie, 1,000 times 
greater than the small calorie we shall use in our dis 
cussion. 

The small calorie (or just plain calorie ) is the amount 
of heat energy needed to raise i gram of water i Centi 
grade. The gram is the unit of mass (or weight) in the 
metric system used by scientists throughout the world. 
It is about i 28 of an ounce. Centigrade degrees (also 
used in scientific work) are larger than Fahrenheit 
degrees (95 as large). The freezing temperature of 
water is 32 F. On the Centigrade scale it is oC. The 
boiling temperature of water is 2-1 2 F. On the Centi 
grade scale it is iooC. (Figure 67). 

To raise i gram of water ioC. requires 10 calories. 
To raise 10 grams of w r ater i5C. requires 10 X 15 or 
150 calories of heat energy. 

133 



Scientists measure the number of calories provided 
by a source of heat by noting the rise in temperature 
produced in a given amount of water. For example, the 
number of calories in a piece of food Is measured by 
drying It and then burning it to heat water. The number 




Fig. 67 Fahrenheit-Centrigrade conversion. (Science Materials Center) 

of calories in the burning food is then computed from 
the temperature rise of the known weight of w r ater. 

It takes 80 calories of heat energy just to melt i gram 
of ice. Once changed to water the same 80 calories 
would raise the temperature of i gram of water 80 C. 
almost to boiling ( iooC. ) . 
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Once the water has reached boiling temperature of 
iooC., it then takes 540 calories just to boil it off as 
steam! This is a lot of heat. 

A strange fact about this process is that the temper 
ature does not change during the melting or boiling. 
Start with solid ice at oC. (freezing) temperature. Add 
heat until it is all melted. The water coming out of the 
ice is still at oC. The heat energy supplied to melt the 
ice was used just to break the bonds between molecules. 
Since the heat energy seems to disappear, we refer to 
it as latent (hidden) heat. 

In the same way, water heated to boiling temper 
ature (iooC.) and then boiled off, changes to steam 
at iooC. The 540 calories of heat energy put into each 
gram of water to change it to steam all go into lib 
erating the molecules by breaking their bonds to other 
molecules. 

You will understand these important facts more 
clearly by trying this experiment. Fill a pot with ice 
cubes. Heat them on the stove with a moderate flame. 
Keep a record of the time, in minutes and seconds. 

A short while after you begin the experiment the ice 
begins to melt. You must heat the pot for quite a long 
time before most of the ice is melted. Shut off the heat 
for a minute. (Take time out in your record-keeping.) 
Remove the pot from the stove. Stir the w^ater with a 
spoon. Then feel the water. It is still ice cold! The heat 
has gone into breaking molecular bonds and not into 
raising temperature. 

Resume the heating. Stir the ice water w T ith a spoon. 
Note the time when almost all of the ice is gone. 
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Now, observe how quickly the water heats up. Within 
a slightly longer period of time than it took to melt the 
ice, the water begins to boil. It boils and boils and boils. 
Long, long afterwards there is still more water left. 
Of course, stop the experiment before all the water is 
gone, or you will damage the pot. 

The long time required to boil off all the water is 
due to the fact that 540 calories of heat energy must 
be supplied to every gram that changes to steam. 

The latent (or hidden) heat required to cause a 
change of state comes back whenever you reverse the 
process. Thus, a burn by live steam can be more severe 
than from boiling water (depending upon the circum 
stances ) , because each gram of steam first gives up its 
540 calories, and is then boiling water, which has ad 
ditional heat to give up. 

You may have observed how long it takes to make 
ice cubes in a refrigerator. Not long after you put the 
water tray into the freezer, ice begins to form. But hours 
later the water still may not be completely frozen. Why? 
You must take out 80 calories of heat energy for every 
gram of water you freeze. 

It is not necessary to heat water to the boiling tem 
perature of iooC. (or 2i2F.) to make it change 
state from liquid to gas. In a liquid, the molecules move 
about at different speeds. Some are faster than others. 
It is the average speed that determines the temperature. 
The speed of a molecule can be increased by a special 
rebound after hitting another. Thus some molecules 
may have enough speed to shoot out of the liquid into 
the space above and evaporate (C in Fig. 65 ) . If a liquid 
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is left out in the open its molecules will eventually shoot 
out of the liquid, leaving less and less liquid, and finally 
none. 

The molecules that evaporate also require latent 
heat to break away. In fact, the latent heat of vapor 
ization of water at room temperature is 585 calories, 
which is greater than the 540 calories required to boil 
a gram of water at iooC. 

Now, each gram of water that evaporates at room 
temperature must get the 585 calories of heat energy 
from somewhere. But, unlike the process of boiling, 
where you supply the heat by means of a flame, the 
evaporation has no such obvious heat supply. But there 
is a source of heat around the evaporating water the 
surroundings. There are plenty of moving molecules in 
the air, in the water below, and in the container. These 
serve as the heat source. They give up some of- their heat 
energy. We observe this loss of heat as a drop in temper 
ature. In other words, the evaporating molecules cool 
the surroundings by taking some of the heat away. 

Picture this process in another way. Suppose that 
a fast-moving molecule (A in Fig. 68) has 10 "units v 
of speed. And suppose that it has enough speed to escape 
from the attraction of its neighbors and shoot off into 
the air (B) . As it leaves the water it is pulled back by 
the attractive forces that normally hold it to its neigh 
bors. As a result it is slowed down to perhaps 5 units 
of speed. It is now a relatively slow moving molecule 
in other words, it is at a lower temperature. The effect 
of a large number of such events would be to cool the 
surroundings. 
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Suppose that the molecule comes back with its 5 units 
of speed ( C ) . As it approaches the liquid it is attracted 
by molecules below. It speeds up and plunges back at 
a speed of 10 units. The effect of a large number of such 
events is to release and return the heat that seemed to 
disappear when it evaporated. As you can see, the heat 
is in a hidden form. 




Fig. 68 Molecules leaving a liquid slow down and seem to lose heat. On 
the way back they speed up and seem to return it. 

You may observe this process during the formation 
of a summer storm. As water vapor (gas) in the air 
condenses to form droplets of water (liquid), it gives 
back the heat it took in when it evaporated. So the tem 
perature in the cloud rises. This temperature rise may 
actually be felt by people below the storm cloud. 

We might summarize these effects in this way: 

1 . solid + heat = liquid 

If you heat a solid, it melts and becomes liquid. 

2. solid liquid heat 

If you take heat away from a liquid (cool it), it 
freezes and becomes solid. 
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3. liquid + heat = gas 

If you heat a liquid, it evaporates or boils and changes 
to a gas. 

4. liquid = gas heat 

If you remove heat from a gas (cool it), it con 
denses to liquid. 

Since "minus heat 5 ' is the same as "cooling/* equation 
4 also says that an evaporating liquid can change to a 
cooled gas. In other words, "evaporation is a cooling 
process. 35 

Scientists prefer to deal only with heat, and not with 
its lack. Thus, they generally refer to cooling as a loss 
of heat by the object that is cooled. 

With this discussion you are adequately prepared to 
understand how a refrigerator works. 



THE REFRIGERATOR 

Let's start with a liquid (A in Fig. 69 ) in a tank (B ) . 
The liquid evaporates to form a vapor (C). In this 
process the vapor cools considerably. The exit pipe 
passes by the freezer tray containing water (D) and 
cools it. 

But then, w^hat shall we do with the evaporated gas? 
If we let it out into the air we lose it. Shall we replace 
it every hour or so? Does it have an odor? Is it explo 
sive? Is it poisonous? The very fact that we ask these 
questions indicates that it is much better not to lose it. 
We must change it back from gas to liquid so that it can 
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be re-used for cooling. Obviously a closed system is 
essential. Also, we shall need a pump to drive the liquid 
and vapor around so that it can be used again and again 
in a continuous process. 

So, we install a pump (E in Fig. 70) driven by an 
electric motor (F). Every time the piston (G) comes 
down it squeezes the vapor at E, forces valve (door) H 
to open, while valve I is forced shut. Vapor is then 
pushed into pipe J at high pressure. 




Fig. 69 Cooling section of a simplified refrigerator. 

On the way up the piston provides more room inside 
the pump. The pressure drops and gas rushes in. The 
valve at H is forced shut, while the valve at I is pushed 
open. Vapor from K rushes into the pump. Thus, at each 
up-and~dow r n movement of the piston, vapor is moved 
from the pipe at K and forced into the pipe at J. Note 
that this is accomplished by the creation of a low pres 
sure at K and a high pressure at J. 

The squeezing of vapor tends to force the molecules 
together and convert it to liquid. But this compression 
also speeds up the molecules and the gas becomes quite 
hot. This heating effect may be observed in Fig. 61 . The 
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heating of the gas works against our attempt to liquefy 
it. So it is necessary to cool the hot gas by running it 
through a narrow tube in a radiator (L). This part 
of the refrigerator is called the condenser. 

A fan ( M ) speeds up the removal of heat from the 
gas by blowing cool air against the hot copper tubes of 




Fig. 70 Mechanism of a refrigerator. 

the radiator. These copper tubes are blackened to in 
crease radiation. The fan is driven by the same motor 
(F) that operates the pump. A belt (N) is shown in 
Fig. 70, but this may not be necessary. The fan may 
be placed directly on the shaft of the motor if the place 
ment of parts is designed properly. 

By the time the vapor has reached the bottom of the 
condenser (P) , the combination of pressure and cooling 
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has liquefied it. The liquid is then pushed into the -tank 
at A 5 ready to repeat the process. 

However, one more important part is needed. One 
side of the pump (J) is at high pressure, and the other 
side (K) is at low pressure. So the liquid would tend to 
surge right through the pipe, past the ice tray at D, and 
into the pipe at K, without evaporating. We need some 
kind of stop or barrier where evaporation occurs. 

This barrier occurs at the expansion valve at Q. It 
is simply a narrow opening in the tube. On one side (A) 
the liquid is at high pressure. On the other side (R) 
there is a low pressure. So a spray of liquid squirts 
through the small hole at Q. 

The low pressure at R helps evaporation because 
there are few molecules to get in the way of those jump 
ing out of the liquid state. Thus, the liquid evaporates 
at R. As we have seen, the evaporation requires heat. 
This is supplied by the water in the ice cube tray at D. 
As the water loses heat it cools off, and eventually 
freezes. 

The freezer is in an insulated box that holds the 
food. Heat is conducted from the food through the 
metal of the freezer compartment into the vapor at R. 
And heat flows out into the air at S. Thus, while the food 
inside the box cools off, the air outside is warmed up. 
You may, therefore, think of the refrigerator as a "heat 
pump 55 which takes heat from inside the box and pumps 
it outside. So, it can serve as a heater, as well as a cooler, 
depending upon how it is used. 

In fact, such a system is used in some homes. Pipes 
are sunk into the ground, which serves as a heat reservoir. 
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In the summer, heat is pumped out of the house into 
the ground. In the winter, valves are opened or closed 
properly to change the arrangement of pipes. Heat 
is then pumped from the ground into the house. Thus 
the same system cools the house in the summer and 
heats it in the winter. 

The substance chosen as the refrigerant should: ( i ) 
evaporate rapidly, (2 ) absorb a great deal of heat, (3 ) 
be non-poisonous, and (4) not be too expensive. A 
number of materials are used. Perhaps the most com 
mon are a group of gases known as freons. With moder 
ate pressures these gases liquefy in a refrigerator to start 
the cycle of liquid to gas to liquid. 



APPROACHING ABSOLUTE ZERO 

There is a limit to the low temperature that can be 
reached with an ordinary refrigerator. As the refrig 
erator becomes colder, heat tends to leak back into the 
box more readily, despite the insulation. Eventually 
the amount of heat energy leaking into the box equals 
the amount of heat being pumped out, and the tem 
perature can go no lower. 

There is also a limit set by the fact that the refriger 
ant itself will freeze at some low temperature and no 
longer be useful. However, it is possible to use different 
gases for refrigerants. A certain gas may be difficult 
to liquefy with pressure and cooling at ordinary tem 
peratures. But, if the refrigerant is first cooled by a 
regular refrigerator, it may then liquefy and be usable 
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in a second refrigerator to reach a still lower temper 
ature. The second may then cool a third, etc. In this way 
air was first cooled to liquefy at about 32OF. (about 



Oxygen is produced commercially from liquid air. 
As you know, about 15 of the air is oxygen and 4 5 
nitrogen. About i% is the gas argon, used to fill lamp 
bulbs. If liquid air is allowed to warm up, the nitrogen 
boils off first fat ig6C.) 5 leaving behind the argon 
and oxygen. Then when the temperature goes up to 
i86 c C. ? the argon boils off and almost pure oxygen 
remains. In this way the three main gases in the air may 
be separated and collected in special tanks. 

It seems strange to refer to the "boiling" of a liquid at 
extremely low temperatures. We are accustomed to boil 
ing water by heating it with a flame, so we associate the 
process with high temperature. But scientists think of 
boiling in a more general way as a rapid change of state 
from liquid to gas. 

The boiling temperature of water is + iooC., wiule 
that of liquid oxygen is i83C. In both cases the 
heat needed to boil the liquid comes from the surround 
ings. But in the case of water we have to produce extra 
heat to cause the boiling because the surroundings are 
at a lower temperature than the boiling point. In the 
case of liquid oxygen the surroundings are at a higher 
temperature and the heat simply flows in from outside 
to make it boil. 

Special Dewar flasks are used to greatly reduce heat 
flow. These are double-walled bottles with a vacuum 
space between walls ( Fig. 71). Since there are almost 
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no molecules in the vacuum between walls very little 
conduction of heat occurs. In addition, silvered surfaces 
on the glass walls reflect infrared radiation and prevent 
flow of heat by that means. Heat cannot flow in by con 
vection because the very cold air above the cold liquid 
is much heavier than warmer air outside and stays 
wiiere it is. This layer of still air acts as an insulator. 




VACUUM 
SILVERED 
SURFACES 



JUQUD 

AIR 



Fig. 71 A Dewar flask (resembling a Thermos bottle) is used to keep 
liquefied gases cold. 

The Thermos bottle used to keep drinks hot or cold 
is very 7 similar to the Dewar bottle. 

Mass production of liquid air is carried out today 
by means of the Linde process. Evaporation is not used 
in this refrigerating method. It has been found that 
most gases are not "perfect" and the molecules are not 
absolutely free to move about at random. There is a 
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slight attraction between molecules, especially if the 
gas is compressed so that the molecules are close to 
gether. Just as the molecules leaving a liquid slow down 
as they are pulled back by attraction and thus become 
"colder," so the molecules of a compressed gas slow 
down slightly as they are allowed to spread out and 
expand. 

The effect is much less than with evaporation. But 
it is enough so that it can be used to make liquid air 
directly. The air is compressed to about 200 times nor 
mal air pressure. The compression causes heating. This 
heat is removed by cooling with a fan, cold water, or 
a refrigerator. Then the air passes through a narrow 
opening. It expands and cools. This cold air is then 
allowed to flow back over the pipes from which it just 
came. Thus, the air following the first batch is cooled to 
a lower temperature. In turn, it cools the air that follows 
it to a still lower temperature. In this w^ay the tem 
perature of the air gradually drops until it reaches its 
boiling point and liquefies. 

Still lower temperatures are obtained by permitting 
the liquid air in a container to evaporate. The evap 
oration takes heat from the liquid that remains and 
causes further cooling. 

A gas like hydrogen (boiling point, 253C.) is 
cooled by liquid air and then sent through the same 
process. It is compressed, the heat removed by liquid air, 
and then it is allowed to expand to cool the incoming 
hydrogen. Eventually, it liquefies. If allowed to evap 
orate rapidly the remaining liquid hydrogen is cooled 
until it solidifies, at -258C. 
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The most difficult gas to liquefy is helium (boiling 

point, 269C.). Liquid hydrogen is used to cool the 

helium close to its boiling point and then the helium 
is compressed and allowed to expand , as before. The 
cooling upon expansion then lowers the temperature of 
the helium until it liquefies. 

Again, lower temperatures are reached by letting 
some of the liquid helium boil off and take heat from 
the remaining liquid. A way was also found to take 
some heat energy out of the remaining liquid by forc 
ing the molecules to line up with magnetism and then 
cutting off the magnetic effect. By means of such tricks 
the temperature has been lowered to almost absolute 
zero. Low temperature combined with high pressure 
w^as then used to produce solid helium, the last holdout. 
Today all known gases have been cooled until they be 
came liquid and then solid. 

These experiments must raise the question in your 
mind as to the lowest possible temperature. Scientists 
tell us that this lowest temperature, absolute zero, is 
273.i6 c C. How do they know this? 

Long ago a clue was provided when it was discov 
ered that, starting at oC., all gases expand about i 273 
of their volume for each Centigrade degree rise in tem 
perature. And they also contract i 273 of their volume 
for each degree drop in temperature. So, they should 
shrink to no volume at all at -273C! Of course, this 
never actually happens because every gas liquefies be 
fore it reaches absolute zero. 

Using this clue as a guide, scientists were able to de 
duce that the lowest possible temperature was about 
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273C. or ? more exactly, 2j^.i6C. At this tempera 
ture all motion of molecules would cease. There would 
be no temperature and no heat. 

A great deal of experimentation is under way in cryo 
genics, the science of very low temperatures. Many 








Fig. 72 Current flowing by itself in a "superconducting" lead ring (A), 
cooled by liquid helium (B), creates a magnetic field that holds up a heavy 

metal ball (Q. (Arthur D. Little, Inc.) 

unusual events occur as absolute zero Is approached. An 

electric current started In a loop of wire can be made 
to flow continuously without any battery or generator 
(Fig. 72 ). This effect may some day be of great practi 
cal use in new electrical applications. 
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Fig. 73 This combination baby-bottle warmer and cooler unit has no 
moving parts. Current simply flows through metal junctions to create the 
cooling Peltier Effect. When the current is reversed the unit becomes warm. 
(Wesfing/jouse Phofo) 




Fig. 74 Why does the water in a cool glass boil when the air pressure is 
reduced to the equivalent of an altitude of 90,000 feet? (Official U.S. Air 
Force Photo) 

Other interesting effects occur with liquid helium, 
which takes on strange properties as it approaches abso 
lute zero. It climbs up and over glass walls by itself and 
squeezes through narrow openings at high rates of 
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speed. Investigation of these effects Is providing scien 
tists with important clues about the nature of matter. 

The science of refrigeration is relatively new In man's 
history. The strange things we find at the very lowest 
temperatures Indicate that we are embarking on a new 
road to exciting discoveries, some of which will provide 
the science headlines of the next few decades. 

In one interesting effect, which may provide an 
Improved way of producing low temperatures 3 an elec 
tric current Is sent through a junction of two properly 
selected metals. The junction becomes cold if the cur 
rent goes one way, and hot If It goes the other way. 
Practical refrigerators using this kind of cooling prin- 




Fig. 75 Where does all the ice come from? (U.S. Army Photo) 
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ciple, discovered by Peltier, are now beginning to be 
marketed (Fig. 73). 

It is possible that this new method may provide sim 
ple, compact refrigerators, without moving parts. These 
may ultimately replace our present refrigerators that 
use electric motors, pumps, and cool by evaporation. 



PROBLEMS 

1 . Fig. 74 shows a space pilot undergoing a low pres 
sure test. Dressed in a special suit, he was subjected to 
lower and lower pressures in a chamber. At a pressure 
equivalent to a high altitude of 90,000 feet, the water 
in the glass he was holding suddenly boiled up and spat 
tered throughout the chamber. Why did this occur? 
(Answer on page 185) 

2. Fig. 75 shows the cooling unit of air equipment 
testing chamber. No water or ice was put into this 
chamber at the start of the experiment. Where did all 
the ice come from? (Answer on page 185) 
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HEAT IN INDUSTRY 



MAN'S history may be divided into periods based on 
the advances made in his way of life. In earliest times, 
man obtained his food by hunting and fishing. Later, 
he learned how to farm and to domesticate animals. He 
settled down and built crude huts. During these periods., 
his major weapons and tools were made of stone, labori 
ously chipped away to proper shape. We refer to this 
time as the Stone Age. 

Then man discovered how to make and control fire. 
He learned how to keep himself warm. He learned how 
to cook and roast his food. 

One day, probably by accident, some ancient man, 
raking through the ashes of the previous night's fire 
noticed a strange kind of "pebble. 55 Perhaps its metal 
lic luster attracted him. He didn't remember putting in 
any such pebbles. Where did it come from? 

Soon, he, or a fellow tribesman, discovered the source. 
The kind of rock near the fire happened to be an iron ore. 
Heat from the flame and charcoal in the fire separated 
the iron from the oxygen with which it \vas combined 
in the ore. 

Thus, man entered the Iron Age. 
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Fig. 76 Molten iron Is transferred from the blast furnace to huge ladles 
and then transported to the rolling mills. (United States Steel Corp.) 

Iron opened up new opportunities for man. He could 
now make hard, strong plows and hammers, sharp 
knives, chisels, nails, horseshoes, pots, pans, and weap 
ons. Iron-making, made possible by heat, opened a new 
world of technology. 

Today, iron is produced in huge blast furnaces that 
operate continuously. At intervals the molten metal Is 
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tapped from these furnaces and poured Into giant ladles 
to start on the way to production of rod, sheet, and tube 
(Fig. 76). 

Heat Is the major source of energy for making most 
metals. Copper is separated from some ores by heating 
until the metal pellets melt and run off. Other copper 
ores are 'roasted 3 3 to drive off the sulfur and oxygen with 
which the copper Is combined. Tin Is made by heating 
its ores for many hours. Zinc, nickel, chromium, cobalt, 
and lead, all are prepared from ores by heating with 
the proper chemicals or minerals (Fig. 77}. Although 
aluminum is made mainly by electricity, the melting of 
the rock ores with heat is an Important step in the 
process. 




Fig. 77 Zinc is produced in this furnace by heating zinc ore with powdered 

coal. (United Sfafes Steel Corp.) 
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Once such metals are produced, a wide variety of 
mixtures called alloys are produced by melting together 
several metals in the proper proportions. Many kinds 
of steel are made by adding small amounts of carbon 
and other metals to molten iron. Stainless steel is made 
by adding the metals chromium and manganese to iron. 
Invar, a low expansion steel used for making measuring 
tapes, is made by adding a large percentage of nickel. 
The metals molybdenum and vanadium are added to 
molten iron to make high strength steels needed for 
springs, axles, gears, and rails. Special cutting tools are 
made of iron containing tungsten and chromium. 

Brass is made from copper and zinc. Bronze is made 
by melting together the proper proportions of copper, 
zinc, and tin. Non-corrosive monel metal is made from 
copper, nickel, and iron. 

Protective layers of non-corrosive metals are often 
coated onto other metals by dipping into molten metal. 
Most tin plate, from which tin cans are made, is pro 
duced by dipping steel into molten tin. Galvanized iron 
is made by dipping steel into molten zinc. Some metal 
protective coatings are sprayed on at very high tem 
perature (see Fig. 66). 

Since heat softens metals, they are easily formed into 
different shapes when hot. Thick bars of steels are rolled 
and squeezed into sheets, rods, and wires (see Fig. 45). 
Cast iron is formed into various shapes by pouring 
molten iron into sand molds. 

Various strengthening methods make use of heat. 
Strains in steel are removed by annealing. The material 
is gradually softened by heat and then slowly cooled. 
Metals are often hardened by heating to high tempera- 
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ture and then suddenly quenching in cold water or oil 
(see Fig. 64}. The metal may then be tempered by ad 
ditional heating at moderate temperature. 

Gears and knives are given hard outer coverings over 
tough interiors by case-hardening. In this process the 
metal is heated in contact with coke or charcoal. This 
process was used in olden times to produce special steels 
for weapons. 

Various shapes are produced using heat. Complex 
forms are made by extrusion in which hot ? soft metal is 
squeezed through holes of different shape. 

Other complex metal shapes may be made by explo 
sive forming. In this process the sudden expansion 
caused by the heat of the explosion produces forces pow 
erful enough to bend thick metal (Fig. 78) . 

Many metals are cut with very hot flames { Fig. 79 ) 
and are often joined together by soldering, welding, and 
brazing, all of which involve temperatures high enough 
to melt the metal. 

An interesting use of heat is made in the process of 
riveting. A red hot rivet (A in Fig. 80) is placed in the 
hole between two plates of metal to be joined. A riveting 
hammer (B) on one side of the rivet and a heavy metal 
block on the opposite side (C) then pound down the 
end of the hot, soft rivet to form a head. Thereafter as 
the rivet cools it contracts and pulls the plates tightly 
together. 

A similar method of shrink-fitting is used to fasten 
round parts together without rivets or bolts. For exam 
ple, consider the requirements of the cylinder for an 
airplane engine. It should be strong and resist the wear 
of the sliding piston. Yet it should be light. It should also 
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conduct heat out of the engine very rapidly. Aluminum 
gives low weight and excellent heat conduction. Steel 
gives greater strength. So, the features of the two metals 
are combined by using an inner steel cylinder, sur- 




Fig. 78 Large/ complex, circular shapes may be made by explosives inside 
a form. (Ryan Aeronautical Co.) 

rounded by an outer aluminum shell. But there must be 

no rivets or bolts sticking through the cylinder wall. 
And the tw r o should be fastened together so tightly that 
the explosions in the cylinder won't force the two sec 
tions apart. 

The problem is solved in this way. The outer alumi- 
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num head Is made a bit too small to fit over the steel 
cylinder. But when the outer head Is heated In an oven. 
It expands. When the Inner part is cooled in a refrigera 
tor It contracts. Then the two parts can fit over each 




Fig. 79 Parts of a large waterwheel generator are being cut by a battery 
of high-temperature gas jets. (Westinghouse Photo) 

other. After being fitted together and left to stand at 
room temperature the outer hot part cools off and the 
inner part warms up. They come together to make a 
very tight fit without any extra parts that might 
weaken them. 

The various processes we have described for metals 
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Fig. 80 A red-hot rivet (A) is inserted in the hole between plates. A "head" 
is formed by the riveting hammer (B) and heavy block (C). Later the rivet 
contracts as it cools and pulls the plates tightly together, (l/nitecf States 

Steel Corp.) 

apply in many ways to other kinds of materials. Thus, 
glass is made by melting together sand, limestone, bi 
carbonate of soda, or other materials. To fashion the 
glass into different shapes it is blown while hot and plia 
ble (Fig. 81). It is annealed to remove strain, in the 
same w r ay as steel. 
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Fig. 81 Glass Is shaped while hot and soft by blowing air into It. (Corning 
Glass Works) 



Plastics are generally made from wood, coal, oil, 
fibers, and other materials by processes Involving heat. 
They are formed Into complex shapes by softening with 
heat and then forcing into molds. Fig. 82 shows a com 
plex plastic piece being vacuwn formed. In this proc 
ess sheets are softened and then sucked Into the mold by 
a vacuum pump. 




Fig. 82 This large plastic form is shaped while hot and soft by vacuum 
forming. (Eastman Chemical Products,. Inc.) 

In the process of injection molding molten plastic Is 
forced Into a mold, filling up the cavity. The plastic is 
cooled and hardens. Then the two parts of the mold are 
separated and the hard plastic parts are removed. Model 
airplanes, toys, dishes, and numerous household and 
office articles are made In this way. 

Heat plays a vital part in the production of most of 
the materials we use. Pottery and building bricks are 
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made by heating clay. Cement is made by heating clay 
with limestone in giant rotating ovens. 

Most chemical processes in industry and the labora 
tory require heating. Chemical reactions involve break 
ing up molecules and creating new arrangements. Heat 
ing causes the molecules to move faster and makes 
possible the breakup and rearrangement of the particles. 
This is one reason for cooking food. It is broken up phys 
ically by the heat. But some chemical changes also occur 
that change the taste and digestibility of the food. 

Similarly, paper is generally made by heating the 
pulp at certain stages. Ammonia, bicarbonate of soda, 
soap, detergents, nylon, ether, dyes, baking powder, 
cake mixes, boric acid, rubber, sugar, cleaning fluids, 
and most drugs and household materials are made with 
heat. Powdered milk, coffee, and cocoa are dried with 
heat. 

Heating is often used to purify materials. For exam 
ple, in the electronics industry extremely pure silicon 
and germanium are needed to make transistors. Impuri 
ties amounting to more than one part in 10 billion can 
spoil the electrical action of the transistors. Silicon of 
such high purity is obtained by zone refining ( Fig. 83 ) , 
in which a bar of material is gradually moved through 
a coil and heated to high temperature by induction. 
Rapidly changing (alternating) current in the coil 
sends out changing magnetic "lines of force 35 that cause 
the molecules of the silicon to vibrate back and forth. 
The resulting heat, made without flame, raises the tem 
perature of a section (zone) of the silicon to about 
3,oooF. As the bar slowly moves through the coil im 
purities are driven out of the heated zone. They con- 
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Fig. 83 In zone refining, extremely pure metal is obtained by slowly moving 
a bar through an induction heater coil operated by electricity. Changing 

magnetic fields heat a zone in the bar and gradually concentrate the impuri 
ties at one end. {. /. du Pont de Nemours) 



centrate at one end and are easily removed by cutting 
off that end. 



DISTILLATION 

Although we don't think of water as being a manu 
factured product, it may soon be necessary to "make" 
it from sea water. In Chapter i it was pointed out that 
heating by the sun causes water in the oceans to evap 
orate. This process starts the water cycle ? our source of 
pure water. The salts in the ocean, with higher boiling 
points, remain behind and gradually accumulate. 

Many dry regions have always suffered from lack of 
water. But, in addition, our use of water is increasing 
very rapidly in those communities where water has been 
plentiful. Home swimming pools have become common. 
Rapidly growing industry requires increased water sup 
ply. So, many communities are beginning to suffer from 
periodic water shortages. This problem will become 
much more serious in the United States in a few decades. 

One simple way to obtain purified water is to repeat 
nature's process of heating the oceans to evaporate the 
pure water and leave the salts behind. The evaporated 
water vapor may then be cooled and condensed back 
to liquid form. This process is known as distillation. 

We may soon find water distillation plants springing 
up along our coasts. Heat for the distillation could come 
from the enormous stores of energy in atomic "fuels" 
such as uranium, thorium, and heavy hydrogen. Or, we 
might use heat from the sun. 

165 



In the laboratory, and also in industry, distillation is 
an important method of separating portions of mixed 
liquids or solids. Alcohol is separated from water by 
boiling it in stills. The alcohol has a lower boiling point 
and therefore boils off first. The alcohol vapor is then 
cooled and condensed. 

Gasoline is made from crude oil by fractional distilla 
tion. The various substances in the crude oil gasoline, 
naphtha, kerosene, grease, asphalt, lubricating oils, fuel 
oils, diesel oil, and wax boil off at different tempera 
tures. A tall distillation tower is heated in such a way 
that temperature is gradually reduced on the way up. 
Thus, each portion of the crude oil condenses in a differ 
ent place along the tower and is thereby separated. 

Since gasoline is the most valuable portion of the 
crude oil, it is desirable to increase its yield. This is done 
by heating the crude oil under pressure. In this process, 
called cracking., the rapid motion of the more complex 
molecules of the heavier oils makes them break apart 
into the less complex molecules of gasoline. Thus, the 
percentage of gasoline is increased. 

It would be difficult to find any product in which 
heating was not an important part of the manufacturing 
process. For example, consider the materials that go 
into an automobile. As we have seen, the metal, glass, 
plastic, and rubber parts are all made using heat. All of 
these materials are shaped and formed with heat. Even 
the paint is dried with heat (Fig. 84). And, of course, 
heat from burning gasoline (also made with heat) 
causes the expansion that makes the car move. 

We have only scratched the surface in our story of 
the many ways in which heat is applied in industry. 
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Obviously, it pervades our whole industrial civilization. 
Without heat for industry our modern world would 
soon grind to a halt. 




Fig. 84 Paint on a car body is dried by infrared radiation from a battery 
of lamp bulbs. (Fosforia Pressed Steel Corp.) 



PROBLEM 

Fig. 85 shows an interesting process. A sheet of metal 
is being cut under water with the aid of a hot flame. 
Why doesn't the water put out the fire? (Answer on 
page 185) 
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Fig, 85 Why doesn't the water put out the flame? (Official U.S. Navy Photo) 



HEAT ENERGY 



IN this book you have seen many ways in which heat 
enters our lives. It sets the conditions for life. It causes 
the wdnds to move and create storms and hurricanes, 
It causes rain, snow, and hail. It creates the rivers and 
erodes the surface of the earth. 

We use heat in our homes to keep us comfortable in 
winter. We remove it to cool ourselves in summer. It 
operates almost all of our vehicles autos, buses, trucks, 
and many trains and ships. We use heat to create new 
chemicals and to shape materials into manufactured 
products. 

But now let's take a look at heat energy from a more 
basic viewpoint, in relation to all other forms of energy. 

Here is a list of some of the major forms of energy : 

Heat 

Mechanical (objects in motion) 

Electrical 

Chemical (fuels, batteries) 

Radiant 

Light 

Infrared 
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Ultraviolet 

Radio waves 

X-rays 
Sound 
Nuclear (atomic energy) 

Energy is the ability to do work. All of the above are 
forms of energy because they can do work. 

Working means "causing motion. 53 The essence of 
energy is its ability to cause changes in materials or ob 
jects. You can see that if nothing moved, nothing would 
change. The change from day to night involves energy. 
The many motions in living things are changes that in 
volve energy. 

All of the forms of energy can be classified into two 
main categories, kinetic or potential,, according to 
whether the energy is due to something in motion, or is 
stored up, waiting to be released. A car in motion has 
kinetic energy because it is in motion. A fuel has poten 
tial energy because the chemical energy is stored up, 
waiting to be released by ignition. 

All of the various devices in our homes and factories 
and all our vehicles may be considered to be energy 
converters. We put in one form of energy and get out 
another. For example, we put gasoline into a car. The 
gasoline has chemical potential energy. Nothing hap 
pens until the sparks in the engine set it afire. The end 
result w r e seek is mechanical energy, the motion of the 
car. This is a form of kinetic energy. 

In the electric light we put in electrical energy a 
form of kinetic energy due to motion of electrons in a 
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wire. As they stream through the mire these electrons 
bump Into molecules, make them move, and thereby 
cause heat. With proper selection of material and size, 
the filament of the lamp becomes very hot when 
electricity flows through. The high temperature causes 




Fig. 86 This experimental solar energy collector (A) can burn a hole In a 
thick metal beam In a few seconds (B). Radiation from the sun is reflected 
from C through controlling slats In D toward the curved mirror (E), which 
concentrates the radiation in the booth at F, (U.S. Army Phofo) 

the wire to glow and become "white hot." Thus, some 
of the electrical energy Is converted Into light energy. 
In an electric motor we put In electrical energy and 
get out mechanical energy. The motor can move eleva 
tors, vacuum cleaners 3 refrigerators, washing machines, 
and machinery In factories. In a refrigerator we put In 
electrical energy and move heat from Inside the insu- 
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lated box out into the room. In a dynamo we put in 
mechanical energy and get out electrical energy. 

Many new energy converting devices are being de 
veloped. Special houses are designed to capture radiant 
energy from the sun and store heat to keep the house 






HOT 



B 



COLD 




Fig. 87 In the thermoelectric effect, electricity is produced by heating a 
junction (C) of two different metals. Voltage is increased by using a number 
of junctions in series (B). 



warm all winter long. Figure 86 shows an experimental 
solar energy device which captures radiant energy from 
the sun, concentrates the rays, and generates enough 
heat to melt a large hole in a steel beam (B in Fig. 86^ . 
This heat could be used to generate steam to operate a 
172 



steam engine, create mechanical energy to turn a gen 
erator, and thereby produce electrical energy. 

About half of our electrical energy is produced by 
burning coal to boil water and form steam. The steam 
then drives turbines which turn generators to produce 
electricity. 

Another method of generating electric current from 
heat energy works more directly and shows great prom 
ise for the future. The principle is simple. Just join two 
different metals together to make a junction (C in Fig. 
8yA). Heat the junction (D). An electrical voltage 
(push) is created. Connect wires to the free ends of the 
metals to complete the circuit, and current will flow, 
as indicated by the meter at E. This effect is referred to 
as thermoelectricity. With proper selection of metals and 
by joining together groups of junctions (Fig. 87 B), 
substantial currents and voltages may be generated 
enough to operate motors and communication equip 
ment. 

Fig. 88 shows a thermoelectric generator which con 
verts into electrical energy the heat energy given out by 
pellets of radioactive material. Such generators are 
being developed for use in remote areas and possibly in 
space ships. 

Nuclear energy, more commonly known as "atomic 
energy, 55 produces energy mainly as heat and radiation. 
The awesome mushroom cloud of a nuclear explosion 
(Fig. 89) is due to the enormous explosion caused by 
the sudden liberation of vast amounts of heat energy. 
The blast effect of such an explosion is the mechanical 
energy that results from the expansion caused by heat. 
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Fig. 88 Electricity is generated in a large number of thermocouples (junc 
tions) by heat produced by a radioactive material inside the container. 
(Martin Aircraft Corp.) 



The radiant energy is so intense that fires can be started 
many miles from the blast. 

Experimentation is now under way to harness nu 
clear energy for peaceful use. One promising direction 
is the nuclear reactor (Fig. 90) in which the potential 
energy in atomic fuels such as uranium is converted into 




Fig. 89 The explosive power of an atom bomb comes from the heat energy 
it generates. (Official U.S. Navy Phofo) 

heat energy. This heat can then boil water to heat our 
homes or operate steam turbines to generate electricity. 
Once the heat is produced, the basic principles of ob 
taining useful work are essentially the same as for ordi 
nary fuels. In fact, we may think of the nuclear reactor 
as a new kind of furnace in which uranium or a similar 
"fuel'' gives up large amounts of heat energy. 
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Fig. 90 Model of a nuclear reactor designed to produce electric energy 
from the heat supplied by a nuclear "fuel." (Westfnghouse Photo) 



The big advantage of this kind of "nuclear furnace" 
is the compactness of the fuel, with each pound produc 
ing millions of times as much heat as a pound of chemi 
cal fuel such as coal or oil. This is an important advan 
tage in remote regions where transportation of large 
quantities of fuel is very costly. 

Of course, there are serious disadvantages which have 
to be overcome. These include danger of explosion and 
scattering of radioactive material, problems of dispos 
ing of the radioactive "ashes, 55 and high cost of con 
struction of practical units. 



ENTROPY 

Heat energy plays a special role in all energy conver 
sions. Consider the energy conversions in an automobile. 
When the fuel is burned in the cylinder of an. engine, a 
certain amount of heat energy is available for conver 
sion into mechanical energy to move the car. We would 
like to convert all ; 100% ) of it into mechanical energy. 
But this has been found to be impossible. In fact, design 
ers would be very happy to get 25% efficiency (convert 
25% of the heat energy into motion). We lose most of 
the heat energy through the exhaust gases and the heated 
air that has passed through the radiator and over the 
engine. 

But what happens to the useful part of the energy 
the motion of the car? As the automobile moves it pushes 
air out of the way. The compression of the air causes 
heat. Friction with the air causes more heat. So does 
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friction of the tires against the ground. The driver steps 
on the brakes. Friction stops the car and the brakes 
warm up. 

After a long trip, when the car has come to a stop, all 
of its motion is gone. Thus, we have no mechanical en 
ergy to show for the expenditure of heat energy. True, 
the car has moved from one place to another. But no 
motion remains. All of the energy is in the form of heat 
that is strewn along the path of the car as a slight addi 
tional temperature rise. Eventually this extra heat is 
scattered throughout the earth by the winds. 

Now, note this: The original heat energy obtained 
when the gasoline burned was a high temperature, ran 
dom, helter-skelter commotion of molecules. The mole 
cules moved every which way in the cylinder. We man 
aged to capture some of this motion and organize it to 
push a piston one way. So the purpose of the engine 
may be considered to be to organize some of the disor 
ganized motion of heat. 

But we can never organize all of the motion of the 
molecules, only part of it. And, when we have finished 
with it the heat is scattered throughout the earth in a 
low temperature form that we can't use to get any more 
work done. 

Consider an electric bell. Electrical energy is changed 
to mechanical energy by an electromagnet which moves 
the hammer. The hammer strikes a bell and sets the air 
into vibration. The sound energy that we want from the 
bell is but a tiny fraction of the original energy we put 
in. As the sound waves spread out, the organized back 
and forth vibration of the air particles is rapidly dissi- 
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pated and ends up as random, disorganized motion of 
molecules of air. Some of the electrical energy heats up 
the wires. Friction heats up parts of the bell. So, as be 
fore, the end result of the process is a slightly increased 
commotion of molecules of the parts of the bell and the 
air around it. In other words, "low-grade" heat energy 
is the end product. 

Our original electrical energy was a highly organized 
one-way streaming of electrons. The final product is 
disorganized, low-temperature commotion of molecules 
or heat. And we can't use that heat energy again be 
cause of its low temperature. 

In an incandescent electric light, the electric current 
causes such intense heating that some light is given off. 
Perhaps 98% of the original electrical energy is con 
verted immediately into heat and the surroundings 
warm up. The 2% that is radiated as light turns back 
to a lower temperature heat when it strikes objects. 
Thus, after the light is shut off, only heat energy remains 
as the final product, and, because of its low temperature, 
w r e can't get any more work out of it. 

Thus, there is something special about heat as a form 
of energy. This something special arises from the dis 
organized, random nature of the motion of molecules 
when heated. Electricity is a much more orderly stream 
ing motion in a wire. Light energy is a very orderly 
motion of waves in a direction straight out from the 
source. Ultimately, these organized motions tend to end 
up as the disorganized helter-skelter heat of molecular 
motion. 

Scientists have found a universal pattern to the flow 
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of energy in our world. Their observations have been 
gathered together in the form of two basic laws of ther 
modynamics. 

The first law of thermodynamics deals with the idea 
of conservation of energy. In simplified form, this law 
states that when energy changes from one form to an 
other, the total amount of energy after the change equals 
the total amount we started with. In other words, en 
ergy is "conserved." It is not created, nor is it destroyed. 

For example, when we use up a certain amount of 
electrical energy in operating an electric motor, we 
finally end up with exactly the same amount of energy 
in the form of heat energy. The form of energy is differ 
ent. But the amount is the same afterwards as before. 

The second law of thermodynamics tells us something 
about our ability to use the energy in a practical way. 
To make use of energy we must start with it at a "high 
level." We could start with the organized motion of 
electrical particles streaming in a wire. Or, we could 
start with the high temperature, disorganized commo 
tion of a flame. But, when we are finished we must end 
up with more disorganized energy, at a lower "level 5 ' 
than we started. The end result is that we have "used 
up 55 some of the "available" energy and made it perma 
nently "unavailable." 

For example, the sun is a mass of gas at a temperature 
of perhaps 100 million degrees. Although the motion 
of particles within the sun is disorganized, it is vastly 
different from the condition of its surroundings, with 
few molecules and relatively far less motion than 
the particles in the sun. As the sun uses up its nuclear 
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energy and produces heat, the energy spills outward in 
all directions toward the cold regions around it. It 
travels by various methods light, x-rays, infrared rays, 
radio waves, and even by means of high-speed particles 
shooting out into space. 

A tiny fraction of this energy is captured by the earth. 
The earth warms up slightly in comparison with the 
sun. In other words, as the energy cascades outward 
from the sun, a small part of it is temporarily captured 
as it warms and evaporates the water in the oceans, 
and builds up sugar in the leaves of trees. We tiny crea 
tures are grateful for this captured energy, and make 
use of it to push our tiny autos along the ground and 
move our busy airplanes through the air. 

But notice what happens to the energy. Fuel has en 
ergy that is temporarily in a more organized energy 
state. When we burn up fuel we change its organized 
high-energy state into the random commotion of mole 
cules. These molecules leave the engine and go off into 
the air. In a few minutes the energy has scattered to the 
four winds. We have changed some organized, compact 
energy into spread-out, disorganized heat energy. 

Whenever energy changes take place, low-energy 
heat is the final graveyard where the remains are buried. 
In this low-temperature condition we can't use the en 
ergy to drive cars and fly airplanes. We must start with 
the energy at a higher level and try to get out whatever 
we can as it runs downhill to the low-temperature mo 
lecular commotion we call heat. 

In other words, the second law of thermodynamics 
states that energy always tends to move "downhill" 
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from more organized energy states to lower ones. Even 
tually, if nothing alters this condition, all energy will 
run downhill and end up in an even-temperatured uni 
verse in which all stars are cold, no light is radiated, and 
no life can exist on the crumbs of energy that are avail 
able. 

Scientists measure the approach of this condition 
with a quantity called entropy. This is a measure of the 
energy that is not available for our use. The second law 
of thermodynamics may then be stated this way : en 
tropy (unavailability of energy) is constantly increas 
ing. As we use up some of our available energy to oper 
ate a vehicle or make a plastic toy, we inevitably speed 
up the process of energy decay by giving a boost to the 
amount of entropy. In other words, as we use energy we 
increase the amount that is no longer available for our 
use. 

Of course, the gloomy future of no available energy 
is still a few tens of billions of years away, so you needn't 
start worrying. Besides, this conclusion is subject to 
change as our knowiedge grows. There may be proc 
esses, of w r hich we are now unaware, which reverse these 
tendencies. 

Perhaps some day, as a scientist, you may be able to 
play a part in the discovery of new facts which will shed 
light on the ways in which nature may renew her energy 
resources and keep the universe going forever. 



ANSWERS TO PROBLEMS 



Page 1 6, Geyser Problem 

Yellowstone Park is a region of volcanic activity. Many of the rocks 
near the surface are quite hot. Water gathers in deep crevices that ex 
tend down to these rocks. Because of the weight of water in the deep 
crevices, it is harder for water to boil down below. Thus the boiling point 
of the water deep down may be 24OF. instead of 2i2F. 

Eventually^ the water down below heats up to 240 F. and starts to 
boil. The expansion pushes water up and out of the crevice. The weight 
of water in the column is then reduced. With the pressure lowered, the 
boiling point is also lowered. Suddenly most of the water down below is 
hotter than the boiling temperature. So it boils up with explosive violence 
and shoots the water above it out of the crevice. 

New, cool water flows back into the crevice after the steam erupts. An 
hour or so later it has been heated to boiling temperature once again 
and off it goes into the air. 

Page 35, Fire-eater Problem 

First, our fire-eater friend selects a special liquid fuel which bums with 
a flame that produces much less heat than the fuels with which we are 
familiar. 

Secondly, he blows the fuel out of his mouth away from him, and to 
ward the flame. It catches fire at a distance from him in the plate of 
burning fuel held in his hand. To the onlookers, the extra blaze caused 
by his breath seems to point to him as the source of the fire. Actually, he 
should be called a "fire-feeder," not a "fire-eater." 

Page 58, Jet Plane Problem 

The jet engine burns kerosene and oxygen. Kerosene is a hydrocarbon. 
It contains hydrogen and carbon in chemical combination. When the 
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hydrogen burns with oxygen, water H^O] Is formed. But at the high 
temperature inside the jet engine, the water is in the form of steam. 

As the steam emerges, it begins to expand and cool off. Soon the tem 
perature reaches the "dew point," and the water begins to condense and 
form a cloud. But this condensing temperature is not reached for a while. 
During this time the stream is invisible, just as the live steam emerging 
from a kettle is invisible for a short distance. 

The cloud intensifies as it cools and becomes thicker. And the cloud 
also tends to mix with the surrounding air. Thus, the cloud widens as the 
airplane streaks along. 

Page 85, Roof Problem 

If a house is well insulated, snow will melt more slowly because the heat 
is prevented from leaking out rapidly to melt the ice. On an uninsulated 
roof, heat leakage will melt the ice more quickly. Not only will fuel costs 
be higher in the uninsulated (melted-snow) house, but there are also 
likely to be cold spots and increased discomfort. 

Page 85, Clothes Problem 

Insulation always stops heat from going in, as well as out. In the very 
hot environment of Fig. 43, the coat prevents heat from getting in. Nor 
mally in cold weather it prevents heat from getting out. 

We wear light clothing in the summer mainly to let air circulate and 
blow away the water evaporating from our bodies. But when the tem 
perature greatly exceeds body temperature, it is more important to re 
duce inflow of heat from outside. 

Page 100, Fire-fighter Problem 

There is an outer layer of shiny metal foil on his suit to reflect radiation 
and greatly reduce the heating effect. Also, his suit is well insulated. Note 
the thick material around his head and neck. He is probably equipped 
with oxygen to prevent dangerous inhalation of smoke. 

These measures enable him to walk about in the fire for a few minutes, 
to perform rescue work, or to get directly at the center of the fire to put 
it out. 

Page ioo, Icicle Problem 

Radiation from the sun was absorbed by the black stripes and changed 
into heat, while it was reflected from the white stripes. Thus, all of the 
ice melted on the warmer black stripes. 
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Page 126, Quenching Problem 

The high-speed photo shows the almost explosive violence of expan 
sion as the heat from the red-hot steel boils the oil and changes it to 
greatly expanded vapor. The outward motion of the oil thus has the same 
cause as the motion of the piston of a steam or gasoline engine namely, 
increased motion of molecules caused by heating. This process of quench 
ing is performed many times in steel mills. 

Oil is a fuel. There is air above the oil. The steel is hot enough to set 
fire to it. Why doesn't the oil catch fire? The oil is in a large liquid mass, 
so it quickly cools the heated portion of the oil and keeps it below the 
kindling temperature. When this oil is to be used as a fuel in house heat 
ing, it is sprayed into the fire. Each droplet is then separated from its 
neighbors, heats up quickly, without being cooled, and catches fire. 

Page 152, Boiling Water Problem 

The molecules of air above a water surface are an obstacle to evapora 
tion. Water molecules shooting outward are often bounced back in again 
as they strike air molecules. Therefore, it requires the high temperature 
of iooC. to make water boil at normal air pressure. But as one rises to 
high altitudes in an airplane, the weight of air above the plane becomes 
less, and the air pressure is also reduced. So is the boiling temperature of 
water. In other words, water at room temperature can boil when the air 
pressure is reduced to an equivalent of an altitude of 90,000 feet. 

One reason for wearing the pressurized suit is that warm blood boils at 
room temperature at even lower altitudes than 90,000 feet. Thus, death 
would result if an aviator attempted to go up to very high altitudes with 
out a pressurized suit. 

Page 152, Cooling Unit Problem 

There is always water vapor in the air. A very cold object will cause 
this water vapor to condense directly into the solid state, as ice. The liquid 
state is simply skipped. 

You observe the same effect in your refrigerator. After a week or so, 
the accumulation of ice (condensed from water vapor in the air) is so 
great that it acts as an insulator and reduces the cooling action of the 
refrigerating coils. It is then necessary to "defrost" the refrigerator. Some 
refrigerators defrost automatically by melting the ice periodically. 

Page 167, Under-water Flame Problem 

\Vater can put out a flame for three reasons. First, it does not burn. 
Second, it can cool a flame below the kindling temperature (temperature 
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required for burning ) . Third, it may cover the burning material, thereby 
cutting off the oxygen supply and smothering the flame. 

The diver in Fig. 85 uses a separate oxygen supply so that smothering 
cannot occur. He ignites the flame above water and then lowers it into 
the water. The expanding gases formed by the flame and the higher pres 
sure of the fuel and oxygen coming from the tanks force the water away 
from the center of the flame. Thus the water cannot get near the burning 
parts to cool them off. 

The photograph in Fig. 64 of the "hole" punched in oil by a hot steel 
beam portrays this process very nicely. If you look at that photograph 
again, you will observe how the expanding gases push the liquid aw r ay 
from the hot metal, thereby reducing the rate of cooling of the metal. 
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